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Abstract 
 
Abstract 
Photovoltaic PV systems have shown a significant growth in recent years driven by 
the increased efficiency and reductions in the cost of PV modules. Today, distribution 
generation based PV systems have a major contribution to the total electricity 
production worldwide. However, in areas with high penetration of PV system 
connected to the grid, interaction may arise between the grid and PV system. This 
research focuses on the effect of grid operating conditions on the performance of grid-
connected PV inverter systems. A simulation model of the system under investigation 
has been developed to evaluate the impact of frequency deviation, grid voltage 
distortion and grid impedance variation on the harmonic performance of the injected 
current as well as the voltage at the point of the common coupler. Proportional 
resonance PR controller is employed to regulate the current produced from the PV 
inverter due to its reputation in tracking sinusoidal signals. The obtained simulation 
results demonstrate that the harmonic performance of the grid current and PCC voltage 
can be significantly influenced by the change of grid operating conditions. In 
particular, grid impedance variation can result in a shift in the system resonance 
frequency leading to distortion in network current and voltage. To adapt the PR 
controller to the grid impedance variation, a novel adaptive PR controller which takes 
into account the change in grid impedance is proposed. The adaptive consists of a high-
order digital band-pass filter and chain of statistical signal processing technique. 
Simulation results show that the harmonic performance of grid current and PCC 
voltage can be enhanced and the proposed APR controller is robust against impedance 
variation. Finally, the proposed control method is experimentally implemented and the 
obtained results validate the effectiveness of the proposed control structure.        
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INTRODUCTION 
1.1  Background 
Despite the fact that meeting world demand for electricity still depends on based fossil 
fuel conventional resources, the overall share of renewable energy (RE) sources has 
increased dramatically in recent years. Many factors have contributed to this rapid 
change including; the depletion of primary energy sources, the liberalization of 
electricity markets, and climate change concerns [1].   Among others, these trends have 
led to the dramatic development and lowering of costs of several RE technologies.  
Renewable energy sources such as wind and solar power are potentially promising 
solutions that can provide clean and affordable energy. The generating capacity of RE 
sources has experienced the largest annual increase by the end of 2017, with more than 
160 gigawatts (GW) of additional capacity. This is an increase of 9% compared to 
2017 [2]. Figure 1-1 reveals the generating capacity of global RE sources in the six 
leading countries.  
 
 
Figure 1-1 Renewable energy capacities in the world and top six countries, 2018 [2] 
 
 
According to this figure, China, the United States, and Germany are the top three 
countries in terms of the total installed capacity of RE sources. 
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According to a global report published in 2018, the year 2017 was another record-
breaking period for the RE sector. The statistics in the report indicate that renewable 
power capacity showed the largest ever increase accompanied by a remarkable fall in 
costs. It was also claimed that the number of cities powered by at least 70% of 
electricity generated from renewable energy sources have had more than doubled 
between the years 2015 and 2017, to a total of 101 cities [3]. 
1.2 Photovoltaic systems 
In particular, photovoltaic PV systems which utilize solar power to generate electricity, 
have shown significant growth in recent years, with an average annual rate of increase 
of 60%. This has been driven by the increasing efficiency and reductions in the cost of 
PV modules [4]. For instance, it has been reported that PV capacity in 2017 had 
increased by a factor of 43.14 from just 8 GW in 2007 to a new record figure of 400GW 
worldwide in 2018, as depicted in the cumulative global installation data given in 
Figure 1-2 [2].    
 
 
 
 
Figure 1-2 Solar PV global capacity and annual additions, 2007-2017[2] 
 
 
The installation of solar PV conversion systems is expected to expand even faster, 
encouraged by cost reductions, and the development of technology as well as increasing 
efficiency. The International Energy Agency (IEA) predicts that almost 16% of global 
electricity will be provided by solar PV systems by the end of 2050. The proportion of 
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installed PV capacity involves grid-connected PV systems which account for more than 
99% compared with off-grid stand-alone systems. Nevertheless, numbers of stand-alone 
systems are growing rapidly [4]. 
Another emerging promising technology that accommodates solar power is 
concentrating solar power (CSP), which uses solar thermal power to produce 
electricity. In principle, CSP transforms solar irradiation into heat during daylight. The 
collected heat power is then stored in equipped thermal energy storages and is used for 
electricity generation [5].  
1.2.1 Grid-connected PV inverter systems 
In a conventional grid-connected PV systems, a power electronic converter, usually a 
voltage source inverter (VSI), is placed between the PV generators and the grid. In 
some applications, current source inverters (CSIs) have also been proposed and 
implemented due to the high fault tolerance capability for high power applications and 
smooth output waveforms [6], [7].  
Several VSI topologies exist in single-phase and three-phase PV inverter systems, 
depending on the level of power required. Very common topologies are include two-
level and three-level voltage H-bridge inverters. Half-bridge two-level inverters are 
also popular, in which the switching frequency and DC-link must be doubled in order 
to obtain the same performance as in full bridge inverters. Although the two and three-
level topologies are very common, they are associated with some drawbacks which 
include high switching losses and high dv/dt ratios, which necessitate special care in 
filter design and the installation of interfacing transformers [8]. The need to minimize 
switching frequency losses has led to the development of multi-level converters. If the 
individual switches in the typical inverter are replaced by a number of cascaded 
semiconductor switches, then the multi-level converter will be shaped [9]. Multi-level 
converters are preferred in high voltage applications since they provide several voltage 
levels at low switching frequency with minimum switching losses as well as smaller 
size of filter components [10]. 
1.2.2 Classification of grid-connected PV inverter systems 
In general, PV systems can be divided into two main categories: stand-alone and grid-
connected systems. The former are employed to supply local loads such as residences 
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without any interaction with the utility grid. Energy storage devices such as batteries 
are usually required in stand-alone systems, so as to satisfy demand during periods of 
low irradiation in the daytimes or at night. On the other hand, grid-connected PV 
systems which are within the scope of the present research, are connected to the 
distribution system as well as local loads. In this manner, grid-connected PV systems 
are required to operate in grid-tied mode in normal operating conditions, and in off-
grid mode in cases of emergency such as system outages [11]. Switching between the 
two modes has to be smooth and seamless in order to provide the reliable and safe 
operation of the whole system [12]. Figure 1-1 shows the different classifications of 
PV systems.  
 
 
Figure 1-3 Classification of PV systems 
The figure shows that grid-connected PV systems can be designed as single-phase, 
where the energy demand is considerably smaller, and in this case the PV system is 
connected to the low-voltage distribution system where the voltage is 240V. 
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Alternatively, three phase system are used for higher power applications, where the 
PV system can be connected to either a low- or medium-voltage system.  
Furthermore, the topology of grid-connected PV systems can be classified as single- 
or dual-stage systems, based on the number of power conversion stages. In a single-
stage topology, the grid- connected PV system consists of only one power inverter 
which converts the DC voltage into AC components [13]. This inverter is desired to 
be responsible for handling all tasks including extracting the maximum power from 
PV arrays by means of a maximum power point tracking (MPPT) algorithm, regulating 
the output current from the inverter, and grid synchronisation [14].  
The typical arrangement of a single-stage PV inverter system is depicted in Figure 1-
4 a. Its advantageous include that, this topology is considered to be highly efficient in 
terms of power conversion and cost effective compared with the dual-stage topology 
due to its simple structure and low number of counted components. However, these 
systems suffer from limitations in terms of power capacity, which means that more PV 
modules are required to provide a higher PV array voltage. Moreover, as the MPPT 
algorithm is an essential part of the control scheme, this means that overall control can 
be more complex [15], [16]. 
On the other hand, the dual-stage configuration shown in Figure.1-4 b is currently the 
most common approach in grid-connected PV inverter systems. They employ a 
DC/DC converter, which usually a boost or buck-boost type, as the first stage. This 
additional converter is placed between the PV arrays and the inverter. Includes 
stepping up the voltage produced by the PV arrays, the DC/DC converter performs the 
MPPT to extract the maximum power that can be obtained from the PV arrays [17]. 
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Figure 1-4 Grid connected PV system (a) Single-stage (b) Dual-stage 
 
Up to now, several MPPT methods have been proposed and implemented, the most 
popular techniques are;  incremental conductance (Inc.C), perturb and observe (P&O), 
short-circuit, and open-circuit voltage [18], [19], [20]. The second stage of the system 
is the DC/AC inverter which regulates the inverter’s output current.  Compared with 
single-stage topologies, dual-stage systems are able to operate with larger power 
capacity as well as wide range of PV output voltages. In addition, the control function 
in this topology, which includes for example the MPPT, DC voltage control and 
reactive power compensation, can be easier as the two stages are controlled separately 
[21]. However, some drawbacks are linked to this topology; in particular, high power 
conversion losses, low efficiency, bulky size and high cost [22], [23]. 
 Another important part of the system is the low-pass filter, which is placed at the 
inverter output. The task of the filter is to prevent the harmonic components which 
resulted from the high PWM switching frequency from being injected into the utility 
grid. The commonly implemented filters types are L, LC, and LCL filters, the latter 
type is preferred as it provides impressive harmonics attenuation even at lower 
switching frequency and is smaller in size compared with L and LC filters [24], [25].     
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1.2.3 Transformer and transformerless grid-connected PV inverter systems 
The classification chart given earlier in Fig 1-3, shows that the typical grid-connected 
PV systems can be interfaced to the utility grid with or without an isolation 
transformer. If included, the isolation transformer can be  either a high-frequency 
transformer (HF), or low-frequency transformer (LF) [26], as shown in Figure 1-5. 
The function of transformer is to provide a galvanic isolation for safety purposes, on 
the one hand, and to prevent the DC current injection from being  inserted into  the 
grid on the other hand [27]. The presence of leakage current is mainly linked to the 
common-mode voltages being conducted in the loop, with the parasitic capacitors 
between the ground and the solar arrays. Although the implementation of the isolation 
transformers provide safe operation, they increase the size of the inverter and the cost, 
and also reduces the system efficiency. Recently, transformerless inverters have 
become more attractive due to the associated higher efficiency and performance, lower 
cost, and smaller size [28, 29].  
 
 
Figure 1-5 Transformers in grid connected PV inverter 
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In some countries, the implementation of isolation transformers is not mandatory, 
based on their local regulations. In this case, several power converter topologies 
combined with specific control scheme have been designed, in order to minimise the 
effects of leakage current in transformerless topologies. For example, the grid neutral 
may be connected to the mid-point of the DC link capacitor, and this is supposed to 
prevent voltage fluctuation by continuously clamping the grid neutral with PV arrays 
[30].    
 
1.3 Operation requirements of PV grid-connected inverter systems 
The proliferation of grid connected PV inverter systems has become a substantial 
part of distribution generation systems in many countries. The high penetration of such 
intermittent systems might influence the operation of the power grid.  In general. PV 
systems are required to be reliable, safe, and efficient in order to meet performance 
requirements and to fulfil legal regulations.  To achieve this, protective equipment and 
suitable preventative measures must be developed [31]. Apart from system efficiency, 
performance requirements can be linked to the control functions of the system in 
different respects while legal requirements are linked to the security of system 
operations. According to a previous review [32], there are various challenges 
associated with the operation of the PV system, these are summarised in the following 
points: 
 Voltage fluctuations including unbalances and voltage rise. 
 Variations in reactive power flow. 
 Voltage and current harmonic distortion. 
 DC current injection. 
 Islanding detection. 
 Power factor variations. 
 Grid impedance variations. 
 
1.3.1  Power quality requirements 
The power quality requirements of PV grid-connected systems can be associated with 
four main issues: harmonic distortion, DC injection, voltage unbalance and flickers. 
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All of them are required to comply with codes and standards defined by international 
and national committees as well as local governments, in order to ensure high quality 
and normalized operation. With regards the power quality, the amendment IEEE 1547-
2014 [33], and IEC 61727-2008 are international standards, in which strict limits have 
been defined to be considered in PV grid-connected inverter systems. Both standards 
emphasise that the total harmonic distortion (THD) of the injected grid current must 
be less than 5%. Limitation are also defined to the individual odd and even harmonics 
[34].  If the THD limits have been exceeded, the quality of power produced would be 
potentially lower, and the risk of disruption will be higher. As this research is interested 
in power quality, practically current and voltage total harmonic distortion, the 
harmonic injection is highlighted as follow. 
  
1.3.2 Anti-islanding detection 
In grid-connected PV systems, the islanding phenomenon occurs when the grid has 
tripped but the PV inverter continues to supply power to the local load. This 
undesirable phenomenon can result from interruptions or abnormalities in the network, 
such as the opening of protection devices due to faults or voltage shut-down. If the PV 
system stays connected in this case, equipment and staff will be at risk and several 
hazards can be highlighted [35].  To avoid the islanding of PV inverter systems, 
different anti-islanding detection techniques have been proposed and implemented. 
They are usually classified as passive or active methods [36]. Passive methods 
employs the already existing measurement devices for voltage, current and frequency 
at the point of common coupling, in order to detect the islanding. Meanwhile, active 
methods are carried out by introducing small signals as a disturbance to the system. 
Based on the system response the islanding events can then be detected.    
1.4 Objective and scopes of the research 
The presence of grid-connected PV inverter systems can affect the distribution 
network in different ways. For instance, power quality issues like THD might arise 
when high numbers of such systems being tied to the grid. In addition, the interaction 
between PV inverters and the grid can have a significant impact on system reliability 
and controllability.  The system’s power quality can be improved by means of a 
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superior control scheme, taking into account those factors which contribute to 
unreliable performance and abnormal operation.   
The main aim of this research is to improve the power quality of single-phase grid-
connected PV inverter systems. The research objectives are summarised as follow: 
 To review the control strategies implemented in grid-connected PV inverter 
systems. 
 To study the effect of changeable grid operating conditions on system 
performance. These include distortion in grid voltage, grid frequency 
deviations and grid impedance variations. 
  To develop an effective simulation model as well as an experimental test rig 
for the system under consideration in order to validate the proposed techniques. 
 
1.5 Contribution 
The contributions of the research are summarised as follows: 
 The interaction between the PV inverter system and the distribution grid has 
been investigated. This includes an investigation of the influence of changeable 
grid operating conditions.  
 A novel grid impedance estimation technique is developed to predict changes 
in grid impedance. The proposed method is simple and requires no additional 
hardware. Moreover, it can be easily implemented. 
 An adaptive control scheme based on digital PR controller has been developed, 
and full details of the design process are presented. The implementation of the 
proposed controller validates the robust performance of the system under a 
wide range of grid impedance variations.   
 
1.6 Publications 
The course of this research has resulted in the following published papers and posters: 
 
 H. Khalfalla, S. Ethni, Maher Al-Greer, V. Pickert, M. Armstrong, and Van 
Thang Phan “An adaptive proportional resonant controller for single-phase 
grid connected inverter based on bandpass filter techniques”, 11th IEEE 
Chapter 1                                     Introduction 
11 
International Conference on Compatibility, Power Electronics and Power 
Engineering (CPE-POWERENG) 2017. Cadiz-Spain 
 H. Khalfalla, S. Ethni, M. Shiref, Maher Al-Greer, V. Pickert, M. Armstrong 
“ Grid impedance estimation based on digitalized band-pass filter for single 
phase PV grid connected inverter” ,53rd IEEE International Universities 
Power Engineering Conference UPEC, 2018, Glasgow, UK. 
 S. Ethni, A. Smith, H. Khalfalla, M Shiref “ Open circuit stator winding fault 
detection of induction machine from transient data using nature inspired 
optimization” 53rd IEEE International Universities Power Engineering 
Conference UPEC, 2018, Glasgow, UK. 
 H. Khalfalla, S. Ethni, N. B. Kadandani, V. Pickert “ Resonance Frequency 
Detection Technique in Grid-connected Inverter Systems Based on Double-
order Digitalized Filter” 10th International Renewable Energy Congress, 2019 
Sousse-Tunisia  
 Chenming Zhang, Weichi Zhang, Salaheddine Ethni, Mohamed Dahidah, and Volker 
Pickert, Hamza Khalfalla “ Online Condition Monitoring of Sub-module Capacitors 
in MMC Enabled by Reduced Switching Frequency Sorting Scheme” 10th 
International Renewable Energy Congress, 2019 Sousse-Tunisia 
 Nasiru B. Kadandani, Salaheddine Ethni, Mohamed Dahidah and Hamza Khalfalla 
“Modelling, Design and Control of Cascaded H-Bridge Single Phase Rectifier” 10th 
International Renewable Energy Congress, 2019 Sousse-Tunisia     
 The award of best poster presented in the annual research conference, ARC2016, 
Newcastle University 2016 Newcastle upon Tyne 2016. 
 Poster presented at Centre for Power Electronics Postgraduate Summer School, 2017 
Loughborough University, Loughborough UK  
1.7 Thesis overview 
This thesis is divided into seven chapters. This chapter briefly describes the 
development of renewable energy systems with attention paid to PV systems. 
Moreover, a classification of grid-connected PV inverter systems is provided, 
including a brief overview of its operating requirements. In chapter two, a review of 
conventional current control method has been presented along with their classification, 
mathematical derivation of the proportional and resonance PR controller is provided 
and integrated with previous research on PR controller. In order to tackle issues related 
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to the time-varying grid operating conditions, advanced control strategies based on the 
concept of resonance controllers are discussed. In addition, grid impedance estimation 
techniques that can be utilized for adaptive control are also presented.      
In chapter three, the modelling and design of single-phase grid-connected PV inverter 
is demonstrated, firstly the modelling of an H-bridge inverter with PWM techniques 
followed by the modelling of a low-pass LCL filter. Furthermore, this chapter presents 
the modelling of PI and PR controllers. As the control scheme in this research is based 
on the PR controller, the selection criteria for its parameters are also highlighted. The 
overall modelled system is built using Matlab/Simulink software and is used 
throughout the thesis to demonstrate the interaction between the distribution grid and 
the PV inverter. Finally, a stability analysis of the modelled system is provided. 
The fourth chapter introduces the Simulink model the single-phase grid-connected PV 
inverter system, which includes the Simulink model of a distorted grid voltage and the 
synchronisation algorithm. In order to understand the interaction between the 
distribution system and the PV inverter system, an extensive study of the influence of 
grid operating conditions on the PV inverter systems is provided. This study includes 
the effects of distorted grid voltage, and variation grid impedance, and grid frequency. 
Chapter five starts with a brief overview of the grid impedance estimation method. 
This is followed by introducing the proposed adaptive PR controller. The design 
process of the analogue and digital band-pass along with statistical signal processing 
is also presented. In addition, the chapter provides the simulation results for the online 
adaptation of the look-up table for the tuning of the PR controller using a particle 
swarm optimisation algorithm.   
1.8 Chapter summary 
In this chapter, a general discussion of grid-connected PV inverter systems is provided. 
The rapid increase in the numbers of such systems in distribution generation system is 
also highlighted, including their classification and operational challenges. The 
objective and scope of the present research have also been defined as well as the 
contribution of the research and publications. The next chapter focuses on the control 
strategies that are applied to regulate the injected grid currents and especially on the 
implementation of adaptive control.   
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CHAPTER 2  
LITERATURE REVIEW 
2.1 Introduction 
One of the most important aspects of the integration of PV systems is their control 
design. As the power produced from PV arrays mainly depends on atmospheric 
conditions, such as irradiation and temperature, a robust control scheme is required to 
ensure that the PV system is working at its maximum efficiency irrespective of these 
conditions. The control scheme is also required to inject high quality power into the 
grid according to the precisely defined standards and regulations associated with the 
interconnection of PV systems.  
 
2.2 Review of conventional current control methods 
A typical structure for a dual-stage grid-connected PV system with its general control 
functions is shown in Figure 2-1. As can be seen, the control functions are divided into 
two main parts: input-side control and grid- side control 
 
 
 
 
Figure 2-1 General structure of grid-connected PV system with control functions 
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The input-side control is responsible for obtaining the maximum power from the PV 
source. DC to DC buck boost converters and highly efficient MPPT algorithms are 
typically employed to accomplish this task. The converter task is to meet the 
requirements of the voltage levels whereas the MPPT algorithm forces the input source 
toward its maximum power. In addition, the protection of DC/DC converters is also 
considered in this part. It is worth mentioning that input-side control is beyond the 
scope of the present research, and thus is not discussed further. Meanwhile, grid-side 
control is responsible for injecting high quality sinusoidal current into the grid. The 
injected current must be in phase with respect to the grid voltage. Moreover, this part 
is responsible for controlling the active power injected to the grid and controlling the 
transferred reactive power between the PV inverter system and the grid. It also control 
the DC-link voltage. These responsibilities are the basic features that a grid-connected 
PV inverter system should fulfil. Other ancillary services such as voltage and 
frequency regulation and active filtering might be also required. In this research 
focuses on grid-side control in particular, the control of the current injected into the 
grid. The next section provides a discussion of the control strategies applied for the 
grid-side converter. 
 
2.3 Classification of current controllers 
The generic strategy applied to control grid-side inverters consists of two cascaded 
control loops, an inner control loop and an outer control loop. The former is the faster 
loop which regulates the injected grid current. It also responsible for power quality 
issues and current protection, while the latter loop is responsible for controlling the 
DC-link voltage and for balancing the power flow in the system [37], [38]. Figure 2-2 
shows a classification of current controllers in regards to the implemented reference 
frame. In the context of this review, the main properties of each class are highlighted.  
2.3.1 Natural reference frame control 
 Natural reference frame control uses non-linear controllers such as dead-beat [39], 
[40], or hysteresis [41], [42] controller, to control the grid current. In hysteresis control, 
the output current of the inverter is compared with the desired reference current. The 
resulting error signal which is restricted within a fixed hysteresis band is fed to a 
hysteresis comparator to generate the switching signal. This controller is preferred due 
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to its high dynamic response, ease of implementation and robustness to load change 
[43]. However, it suffers from the presence of a variable switching frequency in the 
output voltage and ripple current in the output current from the VSI, which requires 
special consideration in the design process of the LCL filter [44].    
2.3.2 Synchronous reference frame control 
Synchronous reference frame is a linear control design which uses an abc-dq module 
for the transformation of the reference frame to determine the dq components. The grid 
current and voltage signals are transformed into a reference frame that rotates 
synchronously with respect to the grid voltage. In this way, the control variables are 
changed to DC components so that the control actions can be easily achieved. A 
proportional integral PI controller is usually adopted in the synchronous reference 
frame, because of its superior performance in the regulation of DC variables [45]. 
However, the major drawbacks of PI controller are poor compensation capability for 
low order harmonics and the presence of steady-state error in single-phase 
applications.  
 
 
 
 
Figure 2-2 Classification of current control methods 
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2.3.3 Stationary reference frame control 
 Stationary reference frame control uses an abc-αβ module to transform the grid 
current into αβ components. The control variables in this case are sinusoidal 
waveforms, and thus a PI controller is not suitable. Alternatively, a proportional 
resonance PR controller may be employed [46]. The main advantageous of PR 
controllers are that they can achieve infinite gain around the resonance frequency, and 
thus the steady state error will be eliminated. Also the complexity of the controller is 
lower as they already implemented in the stationary frame, and selective harmonic 
compensators can be added to the control structure for the further elimination of low-
order harmonics [47].  
 Synchronous and stationary reference frames are suitable for three-phase systems. 
This is not the case for single-phase systems as the circuit has one conductor with a 
neutral return. To extend the control strategy of these frames to single-phase systems, 
an additional orthogonal signal has to be generated to create a single-phase circuit with 
an equivalent two-phase circuit [48]. Several methods have been reported in the 
literature for generating orthogonal signals from the original single-phase signal 
including the Hilbert transform [49], all-pass filter [50] and transport delay [51].       
    
2.4 Review of stationary frame PR controllers 
The suitability of PR controllers for current control in grid-connected PV inverter 
systems relies on the enhancement of the performance of reference tracking. This is 
particularly important in the alleviation of the major drawbacks associated with 
conventional PI controllers. For single-phase systems, these major drawbacks includes 
the presence of steady-state error, poor disturbance rejection capability and the 
complexity of implementing selective harmonics compensators. These drawbacks can 
be easily avoided by using stationary reference frame PR controllers while still 
achieving the same frequency response characteristics as with a synchronous reference 
frame PI controller. The PR controller introduces infinite gain at a selected resonant 
frequency and almost no gains outside of this frequency therefore providing zero 
steady-state error at this particular frequency. This functionality is conceptually similar 
to that of an integrator whose infinite DC gain pushes the DC steady-state error to zero. 
In fact, the use of PR controllers offers many other advantages compared to PI 
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controllers, such as the saving of computational time and avoiding the complexity 
associated with multiple frame transformation in three-phase systems. Direct 
implementation is also possible in single-phase systems, along with less sensitivity to 
noise and error in synchronisation. 
2.4.1 Derivation of the PR controller transfer function 
The equivalent transfer function of the PR controller can be derived using a frequency 
domain approach because it clearly demonstrates similarities between the stationary 
frame PR controller and their equivalent in the synchronous reference frame [52], [53].  
The relationship between the dq-components in the synchronous reference frame and 
in the αβ-components in stationary reference frame are given in equations 2.1 and 2.2: 
 
 𝑖𝑑 = 𝑖𝛼 cos(𝜔0𝑡) + 𝑗𝑖𝛼 sin(𝜔0𝑡) = 𝑖𝛼𝑒
𝑗𝜔1𝑡 (2.1) 
 
 𝑖𝑞 = 𝑖𝛽 cos(𝜔0𝑡) − 𝑗𝑖𝛽 sin(𝜔0𝑡) = 𝑖𝛽𝑒
−𝑗𝜔1𝑡 (2.2) 
 
The transfer function of the PR controller can be obtained by applying a frequency 
shift of ± ω1 at all frequencies in the frequency domain of the equivalent transfer 
function in the stationary frame PI controller implemented in positive and negative 
sequences of the synchronous reference frame: 
 
 
 𝐺𝑃𝐼(𝑠) = 𝐾𝑃 +
𝐾𝐼
𝑠
 (2.3) 
 
 𝐺𝑃𝑅(𝑠) = 𝐺𝑃𝐼
+ (𝑠) + 𝐺𝑃𝐼
− (𝑠) (2.4) 
 
 𝐺𝑃𝑅(𝑠) = 𝐺𝑃𝐼
+ (𝑠 − 𝑗𝜔1) + 𝐺𝑃𝐼
− (𝑠 + 𝑗𝜔1) (2.5) 
 
 𝐺𝑃𝑅(𝑠) = 𝑘𝑃 + 𝑘𝐼
𝑠
𝑠 + 𝜔1
+ 𝑘𝑃 + 𝑘𝐼
𝑠
𝑠 − 𝜔1
 (2.6) 
 
 𝐺𝑃𝑅(𝑠) = 2𝑘𝑃 + 2𝑘𝐼
𝑠
𝑠2 + 𝜔1
2 (2.7) 
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Equation 2.7 can be simplified to form the transfer function of the ideal PR controller 
as follows: 
 
 𝐺𝑃𝑅(𝑠) = 𝐾𝑃 + 𝐾𝐼
𝑠
𝑠2 + 𝜔1
2 (2.8) 
 
The last equation shows that GPR(s) consists of proportional and resonant terms. The 
resonant term has a direct effect at the resonant frequency and almost no contribution 
outside this frequency, thus the frequency response is shaped by the proportional gain 
[54].  
The ideal form of the PR controller given in equation 2.8 cannot be implemented in 
practices because of the infinite gain, alternatively, the non-ideal PR controller is 
adopted. The non-ideal PR controller can be obtained using the same previous steps 
and employing the non-ideal integrator of GPI(s) given in equation 2.9 
 
 𝐺𝑃𝐼(𝑠) = 𝐾𝑃 +
𝐾𝐼
1 + 𝑠 𝜔𝑐⁄
 (2.9) 
 
Substitution this in equation (2.6) yields: 
 
 𝐺𝑃𝑅(𝑠) = 𝐾𝑃 + 𝐾𝐼
𝐾𝐼𝜔𝑐𝑠
𝑠2 + 2𝜔𝑐𝑠 + 𝜔1
2 (2.10) 
 
Which is the equivalent transfer function of the PR controller, where 𝜔𝑐  is the cut-off 
frequency and 𝜔1 is the fundamental frequency.  
2.5 Previous research on PR controllers 
 Due to their advantages, resonant controllers have been widely employed in different 
power converter applications such as PV inverters [38], wind turbines [55], active 
power filters (APFs) [56], uninterruptible power supplies (UPSs) [57], induction 
drives [58], and double-fed induction generator DFIGs [59]. 
The concept of resonant current control has been primarily implemented in three-phase 
active filter applications, where the concept of generalized integrators for sinusoidal 
signals was proposed [60]. A comprehensive review of PR controllers has been 
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published in [47] in which the relevant theory has been revised in detail along with 
previous practical implementations.  
In another study [61],  the P+Resonant controller has been presented as a new type of 
stationary reference frame regulator for a DC servo control system. Using this 
approach, the performance of the new controller was found to be virtually the same as 
that of a synchronous reference frame PI controller in terms of transient and steady-
state operations. A significant advantage of the P+Resonant controller is its suitability 
for both single- and three-phase systems.  
 A new control structure for grid-connected PV inverters based on PR controller was 
subsequently developed [38], where in addition to the PR controller which tuned at the 
fundamental frequency, several harmonic compensators (HCs) were combined within 
the control strategy to compensate for the 3rd, 5th and 7th order harmonics. The control 
strategy of the PR controller with parallel HCs is depicted in Figure 2-3. A comparison 
was carried out between this approach and that using a conventional PI controller 
based on the experimental results of a DSP-controlled 3 kW PV inverter system. The 
main outcomes from this approach are that the steady-state error was eliminated, the 
use of HCs did not influence the controller’s dynamics, and a considerably lower 
current THD was obtained compared to that with the PI controller.   
 
 
Figure 2-3 Control strategy of PV inverter based on PR controller with parallel HCs 
   
   In another approach [62], the HCs were implemented in series with the tracking 
regulator instead of using parallel implementation. This arrangement was applied in 
an experimental system with a single-phase grid-connected PV inverter. Although the 
main aim of adding the HCs is to compensate for selected harmonics, the finding from 
this study validated other important features such as the efficient attenuation of the 
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grid voltage background distortion which resulted in lower levels of current THD, 
accurate synchronisation with grid voltage without the need for a phase-locked loop 
PLL, and less computational time compared to that of parallel implementation. Figure 
2-4 shows the proposed control strategy in which the proportional and resonant parts 
of the PR controller are denoted by KP and PR respectively and the HCs represent the 
selected harmonics to be compensated for. 
 
 
Figure 2-4 Control strategy of PV inverter based on PR controller with series HCs 
 
 
In a study of the suitability of implementing PR current controllers for a VSI with LCL 
filters taking into account voltage sensor-less operation [63], the grid current was 
synchronised with the grid voltage using a virtual flux (VF) estimation method. The 
successful implementation in this study was supported by an extensive stability 
analysis based on simulation results which showed that the current controller worked 
at optimal performance within the region of stability. A new current feedback method 
and PR control strategy for grid-connected inverters was then proposed [62]. Unlike 
in the usual cases, now the grid-side and inverter-side currents which flowing through 
the LCL filter inductors are sensed and then the weighted average value of these 
currents are used in the feedback control loop to the PR controller. In this way the 
overall control system can be treated as a first-order system instead of third-order so 
that ensuring the stability of the system will be easier. It has been also demonstrated 
that large values of proportional and resonant gains can be selected to increase the 
bandwidth of the system. This is particularly important for the implementation of HCs, 
as more frequencies can be added which is not the case for the standard feedback 
topology. Consequently, minimum levels of current THD can be achieved. In fact, it 
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has been proven in previous work [64], [61] that the adoption of higher resonant gains 
leads to very fast current reference tracking. However, this is achieved at the cost of a 
considerably longer transient response in the case of disturbances [65]. Meanwhile 
another study has proposed a detailed systematic design process for an optimum 
selection of the HCs parameters [66]. The design process in the study has considered 
important factors that include grid synchronisation and transient response. 
2.5.1 Adaptive PR controllers 
Although the PR controllers have been successfully implemented in grid-connected 
inverter systems due to their advantages, their performance might be decline due to 
changes in operation conditions of the distribution system. In fact, the typical 
distribution network is well-known of its related unavoidable disturbances and 
uncertainties that can challenge the control and stability of grid-connected inverter 
systems. The time-varying grid operating conditions include: grid voltage distortion, 
grid frequency deviation and grid impedance variation. If these conditions have not 
been considered in the design of such systems, the control function will be degraded 
leading to negative impacts on power quality. The effect of grid operating conditions 
on the current controller performance of grid-connected PV inverter systems has been 
investigated in [67]. It has been shown in the investigation that the performance of the 
current controller is sensitive to these conditions because they are varying 
continuously and in this case the optimum performance of a fixed tuned system cannot 
be ensured for long period of time. The conclusion drawn from this investigation 
proved that grid impedance variation and distorted grid voltage can result in large 
increases in current THD where the power quality standards can be exceeded. Hence, 
most of recent researches are focusing on enhancing the performance of the control 
system taking into account these variations. 
Frequency-adaptive PR controllers are also a subject for several researches in the 
literature [68], [69], [70], which are primarily focused on enhancing the PLL algorithm 
and applying its frequency to the current controller.  The most recent study presented 
in [71], argued that since the conventional PR controllers are tuned at pre-set 
frequencies in their internal model, then instantaneous tracking capability for ac 
signals  cannot be ensured during grid frequency disturbances. To address this issue 
the author proposed a solution based on tuning the controller parameters for 
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synchronisation of the grid-connected inverter. The proposed method entitles a 
frequency locked loop (FLL) mechanism that consist of a perturbation algorithm and 
a resonant adaptive filter. The FLL function is to provide the PR controller with 
estimated grid frequency. In this way the resonant frequency of the PR controller will 
follow the grid frequency variation. The included experimental results demonstrate the 
proposed adaptive scheme is effective in extracting the grid frequency during 
disturbances. Moreover, adapting the PR controller in this way makes the injected grid 
current immune to high-order grid harmonic disturbances. 
In a similar approach [72], a frequency-adaptive PR controller based on the concept of 
FLL and multi-resonant control structure has been proposed. In this technique the FLL 
unit was connected to the main resonance controller in order to deliver the estimated 
grid frequency and adapt the PR controller to any variation in the grid frequency. The 
included experimental results validated the effectiveness of the proposed control 
structure which in addition has offered a high harmonic rejection capability and self-
synchronisation with grid voltage without the need for a dedicated synchronisation 
units like the PLL.   
Another important factor that can affect the stability and control of grid-connected 
inverter systems is the variation in grid impedance [73], [55]. The changes in the 
interfacing grid impedance seen by the inverter can be linked to several reasons include 
long overloaded cables, saturation, and temperature effects. In fact grid-connected 
inverter systems are commonly installed in typical weak grids with long distribution 
cables where a large set of grid impedance is presented. The inductance of this 
impedance will interact with the inductance of the low-pass filter resulting in a 
decrease in the bandwidth of the current controller as depicted in Figure 2-5. 
 
 
Figure 2-5 effects of gird impedance variation on resonant frequency 
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From this prospective more emphasise has been given to propose an advanced control 
scheme in order to mitigate of such variations in the grid impedance. 
An innovative and effective control scheme for grid-connected converter with LCL 
filter has been proposed in [74], where the impact of grid impedance variation are 
considered. The proposed control scheme is based on a PR controller with the use of 
voltage signal of filter capacitor as feedforward signal in its structure.  It also utilizes 
an opportune filter to process the feedforward signal to eliminate the resonance effects 
associated with LCL filter.  The LCL filters have a particular resonant peak which can 
be excited by the change in grid impedance values. The study is supported by a detailed 
mathematical analysis and the proposed control scheme is validated by experimental 
results which showed that the impact of grid impedance variation on the performance 
of the system has been reduced and the resonance effects of the LCL filter have been 
cancelled. However, the proposed techniques required extra current and voltage 
sensors which might not be preferred from a cost point of view. 
The previous work [75]has proposed an adaptive control scheme that can deal with the 
diversity in source impedance and solar irradiation based on a self-tuning PR 
controller. It employs a simple one-dimensional optimization algorithm (ODO) in 
order to determine an optimum updated control gains for the PR controller for further 
enhancement of power quality as shown in Figure 2-6.  
 
 
Figure 2-6 Control structure of ODO-based PR controller 
.    
Another study considered the change in grid impedances in the control scheme based 
on a PR controller is presented in [76]. The proposed scheme consists of an outer 
infinite voltage control loop and an inner current control loop. The outer loop exhibited 
significant gains in the surrounding area of positive and negative sequences 
components of the fundamental frequency through a simple selection of weighting 
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function. The included experimental results demonstrated the robustness of the 
controller against system parameter variation such as load disturbances. 
PR controllers were also the subject of a successful advanced control scheme when 
combining with other control strategies such as repetitive control (RC) [77], [78]. 
Although the RC controller itself can track or reject all harmonics bellow the Nyquist 
frequency, it has a much slow dynamic performance compared with that of a PR 
controller.  In the light of this, the work in [34], has developed a new hybrid control 
strategy that combines the PR+HCs with the RC controllers for a single-phase grid-
connected inverter as shown in Figure 2-7. By using this combination the advantages 
of a fast tracking capability owned by the PR controllers and complete harmonic 
mitigation of RC controller, high performance control strategy can be ensured under 
different conditions. According to the included experimental results, the proposed 
controller achieved a relatively high control accuracy with less complexity in terms of 
harmonics suppression irrespective of changeable operating conditions.       
 
  
Figure 2-7 PR controller with repetitive-based harmonic controller 
 
 
2.6 Grid impedance estimation methods 
In general, the grid impedance prediction and estimation techniques can be divided 
into two main categories [79], [80]: invasive methods, where one or more disturbances 
of harmonic signals are injected into the system in random or periodical way. These 
disturbances can be in the low frequency rage as reported in previous studies [81], [82]  
or in the high frequency range as presented in [83] to excite the system response. Based 
on the system’s response, grid impedance can be estimated from current and voltage 
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measurements. In contrast, non-invasive methods depends on the measured excitation 
of the natural variations in load to determine the impedance value[84], [85]. Both 
categories have their own drawbacks which make it difficult to implement in 
undedicated platform such as PV inverter systems.    
For the on-line estimation of the grid impedance, the work in [86] presented a classical 
Kalman filter based on the inherent disturbances at the PCC and on the utilisation of 
an observer-based parameters identification. This method suffers from complicated 
tuning processing. An alternative technique has been proposed in [87] which produces 
a small perturbation in the form of periodical active and reactive power variations. 
Other various relevant studies have been published [88-91].  
2.7  Chapter summary 
 
This chapter presents the classification of current control strategies for grid-connected 
PV inverter system.  A special attention has been paid for the proportional resonant 
controller.  A literature review on previous research on the PR controller is also 
provided.   Since grid operating condition can affect the performance of current 
controller, a review on adaptive PR controller is also presented. Finally grid impedance 
estimation techniques are discussed.
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CHAPTER 3  
MODELLING AND DESIGN OF SINGLE-PHASE GRID-
CONNECTED PV INVERTER 
3.1 Introduction 
This chapter presents the design and modelling of a 2 kW single-phase PV grid-
connected inverter based on MATLAB/Simulink. The design is used throughout the 
thesis for analysis and detailed studies.  In this chapter, the entire model of the voltage 
source inverter (VSI) with system parameters and description is presented in the first 
section. The second section presents the design of the LCL low-pass filter and its 
advantages compared to other low pass L and LC filters. The final section introduces 
the design of proportional resonant (PR) and proportional integral  
(PI) controller along with a comparison of their performance. Finally, stability analysis 
of the system including damping effects, is presented.  
3.2 Modelling of single-phase grid-connected PV H-bridge inverter 
The modelling and analysis of grid-connected PV inverter systems can be configured 
using different techniques, generally in the time domain or in the frequency domain. 
In the time domain, the system can be modelled using linear differential equations with 
constant coefficients, whereas in the frequency domain a Laplace transform must be 
derived.  Other techniques that can be used include the Z-transform and state space 
modulation, as  reported elsewhere [92]. In this research, the model of the single-phase 
grid-connected PV inverter is developed via differential equations and a Laplace 
transform. In this way, the behaviour of the system as well as its responses can be 
analysed. The typical arrangement of a single-phase grid-connected PV inverter is 
shown in Figure 3-1. It consists of continuous time current and voltage signals. As can 
be seen from the figure, the PV model is represented by a DC voltage source, VDC, 
connected to the H-bridge inverter. The H-bridge inverter is connected to the 
distribution grid at the point of common coupling (PCC) via a low-pass LCL filter. 
The distribution generation system (DG) is represented by the grid voltage Vg and grid 
impedance ZLg, which is in series with the filter inductor L2. In addition, the figure 
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shows current and voltage sensors used to send measurement data to the current 
controller platform. According to the figure, the modelling of the whole system can be 
divided into three main parts. First, the pulse width modulation  (PWM) is modelled, 
followed by the low-pass LCL filter along with the series grid impedance, while the 
final part involves the modelling of the current controller. 
 
   
 
Figure 3-1 Typical circuit diagram of a single-phase grid-connected PV inverter 
 
 
3.2.1 Modelling of H-bridge and PWM model 
Figure 3-2 shows a Simulink model of an H-bridge inverter, which is modelled using 
four isolated gate bipolar transistors (IGBT). The inverter’s task is to convert the DC 
voltage produced by the PV modules into AC voltage with the help of the PWM 
technique. PWM is a switching technique used to drive the gates of the inverter. Two 
well-known methods are widely used in power electronic applications: bipolar PWM 
and unipolar PWM techniques. A brief description of the differences between the two 
methods is provided next. 
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Figure 3-2 IGBT H-bridge inverter 
 
3.2.2 Bipolar PWM 
Bipolar PWM works by comparing a single sine waveform as a reference signal with 
a carrier signal (normally in a rectangular form) to produce the control signal. The 
inverter switches are turned on and off according to the control signal, which shapes 
the output voltage waveform in such a way so that the output changes from +Vdc 
where the sinewave is bigger than the carrier signal to –Vdc so that sine wave is smaller 
than the carrier signal, as shown in Figure 3.3. 
 
 
Figure 3-3 Inverter output voltage using bipolar PWM 
 
3.2.3 Unipolar PWM 
The unipolar switching scheme involves a comparison of a carrier signal (Vtri) with 
two sinewaves (Vsin) shifted from each other by 180 degree as shown in Table.1 and 
Figure 3-4. The positive comparison of the first sinewave and the triangular carrier 
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generates the gate signal for switch 𝑠1. On the other hand, the gate signal of switch 𝑠3 
is generated from the negative comparison. 
  
 
Figure 3-4 Inverter output voltage using unipolar PWM. 
 
The other two switches,  𝑠2  and  𝑠4 , have a complementary switching pattern 
compared to 𝑠1 and 𝑠3 respectively. The ratio of carrier to reference signal determines 
the output of the inverter, as shown in Figure 3.4. One important advantage of unipolar 
PWM techniques is that they offer higher efficiency and higher output power 
compared with bipolar techniques [93]. In addition, it has been reported in [94] that 
lower 𝑑𝑣 𝑑𝑡⁄  stress ratios in the case of unipolar PWM. Moreover, from a cost 
effectiveness point of view, smaller DC-link capacitor can be employed when unipolar 
PWM is selected, as the DC voltage ripple is significantly reduced. However, during 
its operation, electromagnetic interface (EMI) issues can be presented due to the 
consequences of the high leakage current [29]. Due to the aforementioned advantages, 
unipolar PWM scheme is used to drive the gates of the H-bridge inverter in this project 
for both simulation and practical work. The modelling representation for the inverter 
and the unipolar PWM is given as a unity gain of KPWM=1.  
 
Table 1. Output voltage of the inverter 
Signals Comparison 
IGBT Switches 
1 2 3 4 
Vsin > Vtri ON OFF OFF OFF 
Vsin < Vtri OFF ON OFF OFF 
-Vsin > Vtri OFF OFF ON OFF 
-Vsin < Vtri OFF OFF OFF ON 
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3.2.4 Modelling of the delay effect 
Since the current control scheme is implemented in a digital platform, the effect of the 
delay time has to be considered. Two kinds of delay are generally exist; the 
computation and PWM delay. The former is resulted from the time duration from the 
sampling instance and the updating instant of the modulating reference, while the latter 
in caused by the effect of the zero-order-hold ZOH which keep the PWM constant 
once it has been updated [95]. The transfer function that represent the delay effect can 
be expressed as follow. 
 
 𝐺𝑑(𝑠) =
1
1.5𝑇𝑠𝑠 + 1
 (3.1) 
 
where 𝑇𝑠 is the sampling frequency. 
3.3 Design and modelling of the LCL filter and grid impedance 
In this section, the design and the modelling of the LCL filter is presented, first the 
design processes of selecting the parameters of the filter are given then followed by 
the mathematical model. 
3.3.1 Design of the LCL filters 
In order to comply with power quality standards, the voltage source inverter (VSI) is 
interfaced with the utility grid via low-pass filters to filter out the high harmonic 
components produced by the high switched VSI frequency. The filters are also 
required to guarantee energy decoupling between the grid voltage and the VSI in order 
to reduce the dependency on grid parameters such as grid impedance. Moreover, they 
have to filter the noise associated with differential and common mode switching [96].  
Among all of the filtering choices available, LCL filters are preferable because they 
have a superior filtering performance compared to other L and LC types, as they can 
provide; a better attenuation of switching harmonics, a lower ripple current stress 
across the grid-side inductor and a reduced dependency on grid parameters. In 
addition, dividing the filter inductance between the inverter and grid-side offers a 
further design flexibility with reduced overall size and cost [97]. However, the use of 
LCL filter can lead to an instability issues due to the relevant introduced resonance 
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frequency. To tackle these issues, many active and passive damping solutions have 
been proposed to be implemented within the system [98], [99], [100],[101]. Passive 
damping methods use a resistance in series with the filter capacitor, while active 
methods are accomplished by modifying the control algorithm [102].       
 
An equivalent circuit of the filter taking into account the grid impedance is depicted in 
Figure 3-5. The grid impedance is represented by a grid inductor Lg and an equivalent 
series resistance (ESR) Rg, while the LCL filter parameters are represented by an 
inverter side inductor (Lin) in series with an equivalent resistor (RL1), a grid side 
inductor (L2) in series with an equivalent resistor (RL2), and a filter capacitor (Cf) in 
series with a resistor (Rd), which represent the damping and the equivalent series 
resistance of filter capacitor respectively.  
 
Figure 3-5 Equivalent circuit of the LCL filter impedance and grid impedance 
 
The design process of LCL filter parameters depends on several factors which include 
the power rating of the system, the line frequency and the switching frequency. In 
accordance to the step by step design process given in [103], the LCL filter in this 
project has been designed as follow: 
 The inverter-side inductor is selected to limit the current ripple to less than 
20%. 
 The capacitor value is limited by the power factor variation which should be 
less than 5% at the rated power. 
 The damping solution must be sufficient to avoid instability. 
 The resonance frequency should be more than ten times of the line frequency 
and less than one-half of the switching frequency. 
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The mathematical equation are as follow: 
The base impedance as a function of the grid voltage and the rated power is 
calculated from equation 3.2. 
 
 𝑍𝑏𝑎𝑠𝑒 =
𝑉𝑔
2
𝑃0
 (3.2) 
 
The filter capacitor is then determined for a 5% of maximum power factor variation 
as:  
 
 𝐶𝑓 = 0.05 ∗
1
𝜔0𝑍𝑏𝑎𝑠𝑒
 (3.3) 
 
The grid-side inductor is selected for a maximum ripple current of 10% and its value 
is calculated from the next equation:  
 
 𝐿1 =
𝑉𝐷𝐶
6𝑓𝑠𝑤∆𝐼𝑟𝑎𝑡𝑒𝑑
 (3.4) 
 
Where VDC is the DC-link voltage, ∆Irated is the ripple factor, and fsw is the switching 
frequency. 
The grid-side inductor is a friction of the inverter-side inductor as given in equation 
3.5:  
 
 𝐿2 = 𝑟𝐿1 (3.5) 
 
Where r is a constant that represent the desired ripple attenuation. 
After determined the filter components the resulted resonance frequency can be 
calculated as follow.  
 𝑓𝑟𝑒𝑠 =
1
2𝜋
√
𝐿1 + 𝐿2
𝐿1𝐿2𝐶𝑓
 (3.6) 
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Passive damping solution as a resistor in series with the filter capacitor is adopted due 
to the simplicity. The value of damping resistance is given in equation 3.7 in 
accordance to the resonance frequency as follow.  
 
 𝑅𝑑 = 0.05 ∗
1
3𝜔𝑟𝑒𝑠𝐶𝑓
 (3.7) 
 
3.3.2 Modelling of the LCL filter and grid impedance 
The LCL filter and grid impedance can be modelled based on the relationship between 
the currents and voltages in the time domain by means of differential equations. The 
time domain relationship between the voltage across the inverter side inductor (Vin) 
and the inverter output current (Iin) can be expressed as follows:   
 
 𝑉𝑖𝑛(𝑡) − 𝑉𝑐(𝑡) = 𝐿1
𝑑𝐼𝑖𝑛(𝑡)
𝑑𝑇
+ 𝑅𝐿1𝐼𝑖𝑛(𝑡) (3.8) 
 
The same approach can be applied to the grid-side inductor and filter capacitor, 
yielding equations 3.9 and 3.10, respectively. 
 
 𝑉𝑐(𝑡) − 𝑉𝑔(𝑡) = 𝐿𝑔𝑇
𝑑𝐼𝑔(𝑡)
𝑑𝑇
+ 𝑅𝐿𝑔𝑇𝐼𝑔(𝑡) (3.9) 
 
Note that 𝐿𝑔𝑇 and 𝑅𝑔𝑇 are the series equivalent impedance of the grid side inductor of 
the inverter and the grid impedance, respectively.   
 
 𝑉𝑐(𝑡) = 𝐼𝑐𝑅𝐶𝑓 +  
1
𝐶𝑓
∫ 𝐼𝑐 𝑑𝑡 (3.10) 
 
The frequency domain representation using the Laplace transform for equations 3.8 to 
3.10 is given in equations from 3.11 to 3.13: 
 
 
 𝐻𝐿1(𝑠) =
𝐼𝑖𝑛(𝑠)
𝑉𝑖𝑛(𝑠) − 𝑉𝑐(𝑠)
=
1
𝑠𝐿1 + 𝑅𝐿1
= 𝑌𝑖𝑛(𝑠) (3.11) 
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 𝐻𝐿𝑔(𝑠) =
𝐼𝑔(𝑠)
𝑉𝑖𝑛(𝑠) − 𝑉𝑔(𝑠)
=
1
𝑠𝐿𝑔𝑇 + 𝑅𝑔𝑇
= 𝑌𝑔(𝑠) (3.12) 
 
 
 𝐻𝐶𝑓(𝑠) =
𝑉𝑐(𝑠)
𝐼𝑖𝑛(𝑠) − 𝐼𝑔(𝑠)
=
1
𝑠𝐶𝑓
+ 𝑅𝑑 = 𝑍𝑐(𝑠) (3.13) 
 
 
 
 
Figure 3-6 Block diagram of the LCL filter transfer function 
 
Figure 3-7 shows the three possible transfer functions of the LCL filter’s components; 
namely the transfer function of the inverter-side inductor (𝐻𝐿1(𝑠)), the grid-side 
inductor (including the grid impedance) (𝐻𝐿𝑔(𝑠)), and the inverter capacitor (𝐻𝐶𝑓(𝑠)). A 
single Laplace transfer function can be derived by combining the aforementioned three 
transfer functions to represent the output/input characteristics of the whole system, as 
given by equation 3.14  
 
 
 
𝐻𝐿𝐶𝐿(𝑠)
=
𝐶𝑓𝑅𝑑𝑆 + 1
𝐿𝑖𝑛𝐿𝑔𝑇𝐶𝑓𝑠3 + [𝐿𝑔𝑇(𝑅𝑑 + 𝑅𝐿1)𝐿𝑖𝑛( 𝑅𝑑 + 𝑅𝐿1)]𝐶𝑓𝑠2 + [𝐿𝑖𝑛 + 𝐿𝑔𝑇 + 𝐶𝑓(𝑅𝐿2𝑅𝑑 + 𝑅𝐿𝑔𝑇𝑅𝑑 + 𝑅𝐿1𝑅𝐿𝑔𝑇)𝑠 + (𝑅𝐿1 + 𝑅𝐿𝑔𝑇)
 
(3.14) 
 
 
Equation 3.8 can be further simplified by neglecting the effects of the equivalent series 
resistances, yielding equation 3.15: 
 
 𝐻𝐿𝐶𝐿(𝑠) =
𝐶𝑓𝑅𝑑𝑆 + 1
𝐿𝑖𝑛𝐿𝑔𝑇𝐶𝑓𝑠3 + (𝐿𝑔𝑇 + 𝐿𝑖𝑛)𝑅𝑑𝐶𝑓𝑠2 + (𝐿𝑖𝑛 + 𝐿𝑔𝑇)𝑠
 (3.15) 
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The Bode plots of the LCL filter are shown in Figure 3-8. There are two interesting 
features; namely, the fundamental at the low frequency range, and the resonance 
frequency at the high frequency range. The figure also illustrates the features of the 
third order transfer function, where the slope is equal to -60dB per decade.  
 
Figure 3-7 Bode plots of the designed LCL filter, L1=2.12 mH, L2=0.45 mH, Cf=2.35 μF. 
 
3.4 Modelling of the current controllers 
Two types of current controllers are separately implemented for the regulation of the 
injected grid current which are the PR and the PI controller. The modelling of both 
controllers is discussed as follow. 
3.4.1 Modelling of the PR controller 
The current regulation scheme in this research is based on a proportional resonant (PR) 
controller. The general formula of the Laplace transfer function of an ideal PR 
controller is given in equation 3.16 below, where 𝐾𝑃 and 𝐾𝑅 are the proportional and 
resonant gains respectively, h is the harmonic order, n is the upper limit of the 
harmonic order, and 𝜔ℎ𝑛 is the resonant angular frequency which is set to the nominal 
fundamental frequency [104-106]. The block diagram of the PR controller is depicted 
in Figure 3-9. 
 
 
 𝐺𝑃𝑅(𝑠) =
𝑚𝑐(𝑠)
Ɛ(𝑠)
= 𝐾𝑃 + ∑      
2𝐾𝑅ℎ𝑠
𝑠2 + 𝜔ℎ𝑛
2
𝑛
𝑛=1
 (3.16) 
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Figure 3-8 Block diagram of the PR controller 
 
 
For the resonant controller to be set at the fundamental frequency, equation 3.16 can 
be re-written as follows:  
 
 𝐺𝑃𝑅(𝑠) = 𝐾𝑃 +
2𝐾𝑅𝑠
𝑠2 + 𝜔0
2 (3.17) 
 
where 𝜔0 is the operational frequency (f=50Hz). Furthermore, equation 3.17 can be 
re-arranged to give: 
 
 𝐺𝑃𝑅(𝑠) =
𝐾𝑃𝑠
2 + 2𝐾𝑅𝑠 + 𝐾𝑃 𝜔0
2
𝑠2 + 𝜔0
2  (3.18) 
 
The PR controller given by equation 3.17 acts as a generalized PI controller which is 
composed of a second order band-pass filter tuned at the desirable frequency [62]. The 
transfer function can be derived from the synchronous reference frame PI controller as 
explained in [10]. Transforming this frame into the stationary reference frame means 
that the DC compensation network is transformed into an AC network, providing an 
infinite gain at the resonant frequency and an infinite quality factor, as shown in 
Figure.3-9. For the remaining frequencies, there is almost no gain outside the 
controller bandwidth [107],[108]. As a result, the steady state error is forced to zero at 
the resonant frequency, allowing the perfect tracking behaviour for AC signals. The 
ideal PR controller defined in equation 3.17 acts as a network with an infinite quality 
factor. In practice, an ideal controller is difficult to implement because the infinite 
quality factor cannot be achieved in either analogue or digital implementation [104], 
[109].  
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The non-ideal PR controller has been introduced in previous studies [10], [18].  The 
Laplace transfer function of the non-ideal PR controller is given by:   
 
 𝐺𝑃𝑅(𝑠) = 𝐾𝑃 +
2𝜔𝑐𝐾𝑅𝑠
𝑠2 + 2𝜔𝑐𝑠 + 𝜔0
2 (3.19) 
 
In this case the gain of the controller is not infinite, but is still high enough to eliminate 
the steady-state error. A comparison has been carried out between the ideal and non-
ideal PR controllers using MATLAB/Simulink, as shown in Figure 3-9. As can be seen 
from the open loop Bode plot, the gain of the non-ideal PR controller is not infinite 
but is significantly high, providing superior control action in the elimination of steady-
state error. The figure also illustrates that the cut-off frequency introduced 𝜔𝑐, widens 
the controller’s bandwidth, offering a better rejection of disturbances in terms of 
variations in grid frequency [110].  
 
Figure 3-9 Simulation-based comparison of the frequency responses of the ideal and non-ideal 
PR controller, with Kp = 1, KR = 100, and 𝝎𝒄= 5 rad/sec 
 
3.4.2 Parameter selection criteria for the PR controller 
In this section, the effect of manipulating the parameters of the PR controller on the 
controller’s behaviour are discussed with the aid of MATLAB simulations. At first, 
the effect of the proportional part (KP=1) and the introduced cut-off frequency  
(ωc = 5) are fixed while varying the resonant part (KR). It was proven in MATLAB 
that the variations of KR have a significant impact on the controller’s gain, but no effect 
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on the bandwidth of the controller. As can be seen from Figure 3-10, the magnitude of 
the controller gain increases by adding the resonant part.  
 
Figure 3-10 Frequency response of the PR controller with varied KR and fixed KP =1 and 
𝛚𝒄 = 5rad/sec 
 
Secondly, by neglecting the proportional action again and fixing KR=1, the effect of 
changing the cut-off frequency, ωc, can be clarified. Figure 3-11 shows that changes 
in ωc can affect both the magnitude and phase of the controller. According to the 
simulation results in Figure 3-11, increments in the phase and the magnitude of the 
controller occurs as ωc increases. Moreover, no change in the controller’s gain takes 
place at the resonant frequency of the PR controller.  
 
Figure 3-11 Frequency response of the PR controller with a varied ωc= 5, 10, and 15rad/sec 
And fixed KP =1 and KR =100 
 
 
Chapter 3            Modelling and Design of Single-Phase Grid-Connected PV Inverter                                                                                                    
39 
Finally, Figure 3-12 illustrates that the presence of the proportional part results in an 
increase in the magnitude of the controller and a decrease in phase.  
 
Figure 3-12 Frequency response of the PR controller with varied KP (0.1, 0.3, and 0.6), and fixed 
KR =100 and ωc =5rad/sec 
 
 
It can therefore be concluded that the proportional controller, KP, determines the 
bandwidth and stability margins of the system, whereas the resonant gain, KR, 
eliminates the steady-state error and determines the bandwidth centred at the resonant 
frequency [108]. Value of the third parameter, ωc, can be chosen between 5 and  
15 (rad/s), which provide good performance in practical [111, 112]. 
In addition to the elimination of steady state error and of disturbances rejection, one of 
the most significant advantages of using the PR controller compared to other 
controllers is the ability of adding selective harmonic compensations (HCs) [62, 66, 
113, 114]. The transfer function of the PR controller, including the HCs, is provided 
in equation 3.20. The new controller structure (PR+HCs) does not affect the dynamics 
of the system in terms of bandwidth and phase margins. In this equation the harmonics 
to be compensated for are the third, fifth and seventh: 
 
 
𝐺𝑃𝑅+𝐻𝐶(𝑠) = 𝐾𝑃 +
2𝜔𝑐𝐾𝑅𝑠
𝑠2 + 2𝜔𝑐𝑠 + 𝜔0
2 +
2𝜔𝑐𝐾𝑅𝑠
𝑠2 + 2𝜔𝑐𝑠 + 𝜔ℎ3
2 +
2𝜔𝑐𝐾𝑅𝑠
𝑠2 + 2𝜔𝑐𝑠 + 𝜔ℎ5
2  
+
2𝜔𝑐𝐾𝑅𝑠
𝑠2 + 2𝜔𝑐𝑠 + 𝜔ℎ7
2  
(3.20) 
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Moreover, the introduced harmonic compensator has a negligible effect on noise and 
stability, as reported elsewhere [62]. Figure 3-13 below shows the results obtained for 
the open-loop Bode diagram using MATLAB/Simulink when adding HC that 
resonates at the 3th, 5th and 7th harmonics. 
 
Figure 3-13 Frequency response of the PR controller with harmonic compensators for the 3th, 
5th and 7th harmonics  
 
The figure clearly shows that the addition of resonant peaks at the selected frequencies 
of 150, 250 and 350Hz is an important consideration in the inner control loop. This 
means that the contribution of these harmonics to the total harmonic distortion is 
greatly reduced, resulting in an enhancement in power quality as reported in [72].  
3.4.3 Modelling of the PI controller 
Although a PR controller is used in this research, a PI controller is briefly introduced 
for comparison purposes. A typical block diagram of a PI controller is shown in Figure 
3-14, which consists of a proportional gain, KP and integral gain, Ki, while (𝑚𝑐) and 
(Ɛ𝑟) are the control and error signals respectively.  
 
Figure 3-14 Block diagram of a typical PI controller 
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The Laplace transform of the PI controller is expressed by the transfer function given 
in equation 3.21 based on its block diagram: 
 
 𝐺𝑃𝐼(𝑠) =
𝑚𝑐(𝑠)
Ɛ𝑟(𝑠)
= 𝐾𝑃 +
𝐾𝑖
𝑠
=
𝐾𝑃 𝑠 + 𝐾𝑖
𝑠
 (3.21) 
 
The frequency response of the PI controller can be obtained by investigating the open-
loop Bode plot given in Figure 3-15 below. 
 
 
Figure 3-15 Frequency response of the PI controller KP=0.1 and Ki=0.05 
 
 
A comparison of the PR and PI controllers have been carried out in regards to their 
frequency response and based on their mathematical models developed in MATLAB. 
Figure 3-16 shows that the open-loop Bode diagrams clearly illustrate that the PI 
controller resembles a low-pass filter with a flat response at higher frequencies. Hence, 
the harmonic rejection at the frequencies of interest, as well as the elimination of 
steady-state error, cannot be guaranteed. On the other hand, the PR controller acts with 
similar behaviour to that of a band-pass filter, with a central frequency identical to the 
frequency of interest. Moreover, the diagram also shows that the PR controller 
maintains its stability. 
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Figure 3-16 Open-loop Bode diagrams of the PR and PI controllers. 
 
 
3.5 Stability analysis of the modelled system  
Different scenarios must be considered in terms of circuit configuration when 
performing an analysis of the stability of a grid-connected inverter. The filter pattern 
and associated adopted damping techniques (typically passive or active) are among the 
factors considered [115]. Another aspect is the position of the sensors which measure 
currents and voltages. For the voltage sensor, the target is always to track the grid 
voltage for unity power factor operation; hence, the sensor is placed at the point of 
common coupling (PCC). On the other hand, the current sensors can be placed either 
in the grid-side or the inverter-side [116]. In this research, the inverter-side position 
was selected rather than the grid-side, as the current loop is more closed to the  
stability [117]. In addition, since the typical grid-side inductor is a fraction of the 
inverter-side inductor, the system will be more stable if this choice is adopted.  The 
stability analysis of the current control loop is then performed for the designed system.  
The open- and close-loop transfer functions are derived in the s-domain and then 
converted into the z-domain. It is worth pointing out that only the AC power stage was 
considered in the analysis. As such, the dynamics of the DC link capacitor are not 
included. Moreover, the system’s equivalent series resistances that are associated with 
the system’s inductors are neglected, along with the dead time of the PWM inverter.  
A block diagram of the current control loop is shown in Figure 3-17. It consists of the 
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transfer functions of: the PR+HC controller, GPR(s), the inverter block which consists 
of the delay effect Gd(s) and the PWM, KPWM, and the LCL filter, Gf(s).  
 
Ig(s)Iref(s) Gd(s)+
-
GPR(s) KPWM
Iin(s)
HC(s)
Vin(s)
Zc(s)++
-
Yin(s) +
-
Yg(s)
Vg(s)
-
Iin(s)
Ic(s)
+
+
Model of PR Current controller Model of LCL Filter
 
Figure 3-17 Model of the grid–connected inverter system 
 
The measured current is compared to the reference current and the error signal is 
supplied to the PR+HC controller. The transfer functions of the LCL filter and the 
controller have been given earlier in equations 3.15 and 3.19 respectively. The inverter 
model consists of the VSI represented by KPWM and the sampling time delay transfer 
function 𝐺𝑑(𝑠).  
Considering the block diagram shown in Figure 3-17, the relationship between the 
input and output currents can be expressed as: 
 
 𝐼𝑔 = 𝐻1(𝑠) + 𝐻2(𝑠) (3.22) 
 
where 𝐻1(𝑠)  is the relationship between the reference and measured grid current, and 
𝐻2(𝑠) is the relationship between the grid current and voltage. 
 
 𝐻1(𝑠) =
𝐼𝑔(𝑠)
𝐼𝑟𝑒𝑓(𝑠)
=  
𝐺𝑃𝑅(𝑠)𝐺𝑑(𝑠)𝐾𝑃𝑊𝑀𝐺𝑓(𝑠)
1 + 𝐺𝑃𝑅(𝑠)𝐺𝑑(𝑠)𝐺𝑓(𝑠)
 (3.23) 
 
For simplicity, the dynamics of the inverter (KPWM) can be represented by a unity gain, 
as the switching frequency is relatively high. 
 
 𝐻2(𝑠) =
𝐼𝑔(𝑠)
𝑉𝑔(𝑠)
=  
𝐺𝑓(𝑠)
1 + 𝐺𝑃𝑅(𝑠)𝐺𝑑(𝑠)𝐺𝑓(𝑠)
 (3.24) 
 
The second term in equation 3.22 can be eliminated in steady state analysis since a PR 
controller is employed. It has been shown that a PR controller introduces an infinite 
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gain at the resonant frequency, and thus the first term 𝐻1(𝑠) approaches the current 
reference, while 𝐻2(𝑠) approaches zero, which cannot be the case if a PI controller is 
used. 
The open and closed-loop transfer functions of the VSI current control loop can be 
expressed by equations 3.25 and 3.26, respectively.  
  
 𝐺𝑂𝐿(𝑠) =
𝐼𝑔(𝑠)
𝐼𝑟𝑒𝑓(𝑠)
= 𝐺𝑃𝑅(𝑠)𝐺𝑑(𝑠)𝐺𝑓(𝑠) (3.25) 
 
 𝐺𝐶𝐿(𝑠) =
𝐼𝑔(𝑠)
𝐼𝑟𝑒𝑓(𝑠)
=
𝐺𝑃𝑅(𝑠)𝐺𝑑(𝑠)𝐺𝑓(𝑠)
1 + 𝐺𝑃𝑅(𝑠)𝐺𝑑(𝑠)𝐺𝑓(𝑠)
 (3.26) 
 
𝐺𝐶𝐿(𝑠) =
𝐼𝑔(𝑠)
𝐼𝑟𝑒𝑓(𝑠)
=
𝐾𝑃𝑅𝑑𝐶𝑓𝑠
3 + [𝐾𝑃 + 2(𝐾𝑃 + 𝐾𝑅)𝜔𝑐𝐶𝑓𝑅𝑑]𝑠
2 + [2(𝐾𝑃 + 𝐾𝑅)𝜔𝑐 + 𝐾𝑃𝐶𝑓𝑅𝑑𝜔0
2]𝑠 + 𝐾𝑃𝜔0
2
𝐷5𝑠5 + 𝐷4𝑠4 + 𝐷3𝑠3 + 𝐷2𝑠2
 
(3.27) 
 
 𝐷5 = 𝐿𝑖𝑛𝐿𝑔𝐶𝑓 (3.28) 
 
 𝐷4 = (𝐿𝑖𝑛+𝐿𝑔)𝐶𝑓𝑅𝑑 + 2𝐿𝑖𝑛𝐿𝑔𝐶𝑓𝜔𝑐 (3.29) 
 
 𝐷3 = (𝐿𝑖𝑛+𝐿𝑔)(1 + 2𝜔𝑐𝐶𝑓𝑅𝑑) + 𝐿𝑖𝑛𝐿𝑔𝐶𝑓𝜔0
2 + 𝐾𝑃𝐶𝑓𝑅𝑑 (3.30) 
 
 𝐷2 = (𝐿𝑖𝑛+𝐿𝑔)(2𝜔𝑐 + 𝐶𝑓𝑅𝑑𝜔0
2) + 𝐾𝑃 + 2(𝐾𝑃 + 𝐾𝑅) 𝐶𝑓𝑅𝑑𝜔𝑐 (3.31) 
 
 𝐷1 = (𝐿𝑖𝑛+𝐿𝑔)𝜔0
2 + 𝐾𝑃𝐶𝑓𝑅𝑑𝜔0
2 + 2(𝐾𝑃 + 𝐾𝑅) 𝜔𝑐 (3.32) 
 
 𝐷1 = 𝐾𝑃𝜔0
2 (3.33) 
 
In order to perform the stability analysis, a MATLAB code was developed for all 
possible transfer functions in the s- and z-domains. The development of the stability 
analysis starts by examining the loop gain of the open loop transfer function 𝐺𝑂𝐿(𝑠) 
given in equation 3.25. Figure 3-18 shows the Bode diagram of 𝐺𝑂𝐿(𝑠) with and 
without the damping resistance. According to the figure, there are five resonant peaks 
in the frequency response, four of which occur in the low frequency range and are 
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caused by the PR+HC controller, and the other occurs at the high frequency range due 
to the LCL resonance. The former peaks serve to eliminate the steady state error, while 
the latter peak denoted by red dashes is not preferable as it can lead to instabilities if 
not properly treated.  
 
Figure 3-18 Bode diagram of the open loop transfer function with and without Rd under PR 
controller KP=2, KR=100W, and ωc =5 
 
Two damping methods, passive and active can be utilized to eliminate the resonance 
peak of the LCL filter [101, 118-120], and both techniques ensure stable operation and 
improve overall system performance. 
The stability analysis of the closed-loop transfer function is performed by converting 
the closed-loop transfer function given in equation 3.27 to its discrete form. This can 
be accomplished in MATLAB using the ‘c2z’ function. However, special attention 
must be given to the discretization method selected in order to avoid mismatching the 
in frequency response [64]. Examples of discretization methods includes Zero order 
hold (ZOH), forward Euler, back Euler, Tustin bilinear and impulse invariant. Among 
these, the Tustin approximation is found to produce a good match between the 
continuous and discrete models in terms of frequency response. The Tustin 
discretization formula is given by: 
 
 𝐺𝐶𝐿(𝑧) = 𝐺𝑂𝐿(𝑠)𝑠= 𝑧−1  2𝑧+1  𝑇𝑠
 (3.29) 
   
Figure 3-19 shows the pole-zero plot of the closed-loop discrete transfer function for 
the designed VSI system. In the figure, there is a pair of complex poles close to the 
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boundary of the unit circle, a pair of complex poles inside the unit circle, and another 
pole inside the circle. It can thus be concluded that the designed 2 kW system is stable.     
 
Figure 3-19 Pole-zero map for the current control loop with a passively damped LCL filter 
 
3.6  Chapter summary 
This chapter presented mathematical models for the single-phase PV grid inverter 
system. The modelling of the LCL filter with grid impedance was first developed, after 
which the models of the PI and PR controllers were provided. For the PR controller, 
the continues-time domain closed-loop transfer function of the current control loop 
was derived and then converted into the discrete-time domain. Furthermore, the 
stability analysis of the VSI system was performed in the z-plane. The findings of the 
chapter are summarised below: 
 The use of a PR controller in single-phase PV grid-connected inverter systems 
is better than the use of a PI controller in terms of the elimination of steady 
state error and the minimisation of THD. 
 The use of HC with the PR controller can enhance the power quality in terms 
of THD by compensating for the low-order harmonics.  
 The stability of the system can be negatively affected if the system is not 
probably damped. 
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 The stability analysis in the z-plane showed that, when the current sensors were 
placed on the inverter side, the system was stable for the selected gain values. 
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CHAPTER 4  
INFLUENCE OF VARIABLE GRID OPERATING 
CONDITIONS 
 
4.1 Introduction 
This chapter focuses on the effects of grid operating conditions on the inverter system. 
In particular, it investigates the influence of the time-variant background grid voltage 
harmonics, the grid voltage fundamental frequency, and grid impedance. To carry out 
the investigation, the first part of this chapter presents the design of a Simulink model 
of a single-phase grid-connected PV inverter, including the background harmonic grid 
voltage and the LCL filter. The digital implementation of the PR controller is also 
presented. The second part of the chapter discusses the interaction between the grid-
connected PV inverter and the distribution network. The influence of background grid 
voltage with non-ideal conditions is then considered, along with the effects of 
variations in grid impedance. Finally, the impact of grid frequency variations is 
presented. 
4.2 Simulation of a single-phase PV grid-connected inverter system 
The model of a VSI connected to DG was developed using MATLAB/Simulink’s 
library of the Sim Power System for the power electronics blocks and Simulink’s 
library for the control elements. The PV source was modelled with a 400V DC source, 
as this is the minimum desirable value for a single-phase two-wire 240V 50Hz supply. 
The VSI was set to a two-leg H-bridge inverter with IGBT/diode switches. The grid 
model was simulated using a harmonic model of the background grid voltage based on 
real data, with a total harmonic distortion (THD) of 2.47%. The grid impedance was 
modelled with a tapped inductor and its values is selected according to IEC60725 
standards [121], where the UK residential consumer complex supply impedance for a 
single phase connection at 50 Hz can vary up to an 0.8mH in the worst-case scenario 
of a weak grid. The VSI was interfaced to the grid model via a passively damped low-
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pass filter LCL. A zero-order hold block was used in the Simulink model for the 
current and voltage measurement in order to emulate the sample and hold in real-time 
applications. 
To track the frequency and phase angle of the grid voltage signal, a phase locked loop 
(PLL)-based algorithm was implemented in the Simulink model of the VSI as the 
synchronising technique. Finally, the PR and PI controllers were modelled with a gain 
block for the proportional term and a user-defined function for the integral term. The 
Simulink model of the whole system in depicted in Figure 4-1, while its parameters 
and variables are presented in Table 2. 
 
Figure 4-1 Simulink model of the single phase grid-connected system 
 
    
As can be seen from the figure, the PV source is represented by a 400V DC source 
interfaced to the grid by an LCL filter. The grid is represented by a non-ideal voltage 
source as explained in the next sub-title, in series with grid inductance, while the 
current regulator is represented with the discrete form of the PR controller. 
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Table 2 Parameters and variables of the VSI 
Parameters 
Abbreviation Nomenclature Value 
Pn Nominal Rated Power 2kW 
VDC DC link Voltage 400V 
Vg Grid Voltage 230V 
Iref Reference Current 8.3A (RMS) 
L1 Inverter Side Inductor 2.12mH 
L2 Grid Side Inductor 0.45mH 
Cf Filter Capacitor 3.53 µF 
Rd Damping Resistance 3.2 Ω 
fres Resonant Frequency 4.5 kHz 
  
4.2.1 Simulink model of a non-ideal grid voltage 
In order to investigate the interaction between the low voltage distribution network 
and the grid inverter’s output current, a design of a non-ideal grid was implemented in 
MATLAB/Simulink. The model consists of different magnitude and phase angles of 
up to the 40th harmonic order as the measurement devices of the THD in practical is 
limited by the number of the harmonic order. The 40th harmonics are summed together 
to form the desired grid voltage as illustrated in Figure. 4-2.  
The design was based on the experimental data available for the research group in the 
Electrical Power Laboratory at Newcastle University, and is shown in table 3. 
According to the simulation results, the non-ideal grid voltage is found to have a total 
harmonic distortion (THD) of 2.45%. It is worth to mention that THD is a merit used 
to quantify the level of harmonics presented in current or voltage waveforms. The THD 
can be defined by comparing the harmonic content of a waveform to its fundamental 
[122].   
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Figure 4-2 Simulink model of a non-ideal grid voltage 
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Table 3 Harmonics data of the grid voltage signal 
Frequency 
Hz 
Amplitude 
RMS 
Phase 
 deg 
 Frequency 
Hz 
Amplitude 
RMS 
Phase 
deg 
50 241.72 320.29  1050 0.05 265.06 
100 0.07 340.9  1100 0.01 277.76 
150 3.56 90.01  1150 0.12 281.76 
200 0.02 296.59  1200 0.01 49.23 
250 3.45 98.5  1250 0.13 285.01 
300 0.01 33.74  1300 0.01 151.49 
350 2.45 253.58  1350 0.15 105.57 
400 0.01 33.74  1400 0.01 103.03 
450 1.09 303.98  1450 0.03 295.9 
500 0.01 14.62  1500 0.01 98.5 
550 0.5 91.26  1550 0.08 157.67 
600 0 168.4  1600 0.01 175.79 
650 1.37 13.7  1650 0.02 147.72 
700 0.01 43.99  1700 0 335.9 
750 0.73 313.33  1750 0.07 310.1 
800 0.01 112.09  1800 0 204.46 
850 0.7 350.93  1850 0.01 283.66 
900 0.01 208.84  1900 0.01 20.7 
950 0.2 167.34  1950 0.02 114.62 
1000 0.01 316.74  2000 0 272.65 
 
4.2.2 Simulink model of the phase locked loop  
 PLL-based algorithms are widely used in applications that require synchronisation, 
due to their effectivness, robustness and simplicity [123]. Figure 4-3 shows the 
Simulink model of the closed-loop feedback control of the PLL, which is composed 
of three main parts: the phase detector (PD), the loop filter (LF), and the voltage control 
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oscillator (VCO). The task of the three parts is to ensure synchronisation between the 
grid voltage and grid current. 
 
 
Figure 4-3 Simulink® model of the single phase PLL 
 
4.3 Interactions of the distribution network and grid-connected PV inverter system 
In order to improve the functionality of the increasing numbers of PV energy sources, 
PV grid-connected inverters must be designed in such a way so that they are able to 
deal with time-varying background grid operating conditions. Advanced grid support 
functions (GSFs) are increasingly implemented to provide voltage and frequency 
support at the point of common coupling (PCC). GSFs consist of voltage ride-through 
(VRT) and frequency ride-through (FRT) [124]. Since the PV system employs power 
electronic inverters which are controlled by PWM techniques, unwanted interactions 
arise in areas with high penetration of PV systems. Figure 4-4 shows the equivalent 
circuit of the VSI connected to the distribution network at the PCC.  The VSI is 
modelled by a current source and the grid voltage by a voltage source, while the grid 
impedance is modelled by a combination of source and load impedances. The 
operating conditions of the electrical grid can be affected by the PV inverter systems 
connected to it in some circumstances. For example, the harmonic currents injected to 
the utility grid by the PV sources can affect  power quality, leading to unwanted 
islanding , and causing the malfunctioning in the grid-side protection devices [125]. 
On the other hand, the operating conditions of the utility grid have an impact on the 
functionality of the power electronic inverter. It has been demonstrated in [126], that 
the THD of the injected current can experience an increase at the output of the inverter, 
which has been linked to the oscillation present in the background grid voltage 
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waveform, especially at low power levels. At high power levels, the total harmonic 
distortion of the injected current has been found to inversely vary with the level of the 
delivered power, due to the finite resolution and digitalisation of ADC devices used 
for measurements [67].  
 
Figure 4-4 Equivalent circuit of the VSI connected to the distribution grid at the PCC 
 
Another important factor at play is the variations in grid impedance, which changes 
depending on loading conditions. The control scheme of the grid-side PV inverter is 
strongly dependent on the identification of  grid impedance, and it is recommended to 
measure its value on-line to avoid islanding and instability  
problems [127]. Moreover, resonance implications can arise due to the interfacing 
between grid impedance and the inverter’s low-pass filter which has a typical 
frequency characteristic with a pre-designed resonance peak. The next  
sections investigate the influence of a distorted grid voltage on the inverter’s 
performance, as well as the influence of grid impedance and frequency variations. 
 
4.3.1 Effect of distorted grid voltage on inverter performance 
In order to investigate the influence of distorted grid voltage on the performance of the 
inverter and on power quality, the designed non-ideal grid voltage presented earlier in 
section 4.2.1 is used in order to conduct a comparison with the VSI connected to an 
ideal grid voltage condition. 
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(a) 
 
 
(b) 
 
Figure 4-5 (a) Ideal grid voltage and injected grid current, (b) Distorted grid voltage and 
injected grid current 
 
Figure 4-5 shows the simulation results of grid voltage and current for ideal and non-
ideal grid voltage conditions. As can be noticed, when the system is under the ideal 
grid condition (THD=0%), the output current is synchronised with the grid voltage 
without delay. On the other hand, when the non-ideal grid condition is applied 
(THD=2.47%, Figure 4-6), there is a significant synchronisation delay between the 
grid voltage and current, as can be observed in Figure 5-4. Both waveforms required 
just over one cycle before being in phase, although this delay is eliminated in the steady 
state.  
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Figure 4-6 Harmonic profile of grid voltage at non-ideal conditions 
 
The different between the PCC and Vg is illustrated in Figure 4-4. The PCC voltage 
can also be affected by changes in the background voltage waveform. Figure 4-7 shows 
that the PCC voltage waveform follows the background grid voltage. To assess the 
sensitivity of the PCC voltage to particular harmonics, the magnitude of the 3th, 5th and 
7th harmonics have been changed, and their effects on the PCC voltage have been 
recorded and are depicted in Figure 4-8.  
 
 
Figure 4-7 Harmonic profile of the PCC voltage at non-ideal grid voltage conditions 
 
Figure 4-8 Harmonic profile of the PCC voltage under magnitude change of the 3th, 5th, and 7th 
harmonic orders 
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It is obvious from the figures that, when the magnitudes of some harmonics in the 
background grid voltage change, the shape and harmonic profile of the PCC voltage 
changes accordingly, which means that the higher the distortion in the background grid 
voltage, the more distortion is present in the PCC voltage.  
4.3.2 Effect of grid impedance variation on the VSI system performance   
The PCC voltage depends on the stiffness of the utility network, which in turn depends 
on the influence of several conditions. These conditions can be vary from the loading 
condition at the PCC (such as the impedance of the electrical devices and the loading 
capacity), to the impedance of the supply transformers and cables. Hence, low grid 
impedance (mainly inductor) reflects the stiffness of the grid. 
The Simulink model of the VSI system is shown in Figure 4-1, where the LCL filter 
impedance is coupled to the grid impedance. As such, the interaction between the 
background grid and the VSI system can be modelled by an LCL impedance, a grid 
impedance, a grid voltage and a voltage at the output of the inverter as shown in Figure 
4-9. Note here that the effect of the control loop is neglected. 
 
 
Figure 4-9 Harmonic model of the background grid voltage with the VSI connected at the PCC 
 
Equations 4.1 to 4.3 define the impedance of the filter inductor at the inverter side 
(ZLf), the grid impedance (ZLg) which represents the filter grid-side inductor and the 
grid impedance and the filter capacitor impedance (ZCf) at a particular harmonic order 
respectively. 
 
 𝑍𝐿𝑓(ℎ𝑛) = 𝑅𝐿𝑓 + 𝑗𝑋𝐿𝑓(ℎ𝑛) (4.1) 
 
 𝑍𝐿𝑔(ℎ𝑛) = 𝑅𝐿𝑔 + 𝑗𝑋𝐿𝑔(ℎ𝑛) (4.2) 
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 𝑍𝐶𝑓(ℎ𝑛) = 𝑅𝐶𝑓 − 𝑗𝑋𝐶𝑓(ℎ𝑛) (4.3) 
 
where  𝑅𝐿𝑓 , 𝑅𝐿𝑔  and  𝑅𝐶𝑓 are the equivalent series resistances of the inverter-side 
inductor, grid-side inductor and filter capacitor, respectively, and ℎ𝑛 and 𝑛 are the 
vectors of the harmonic at the corresponding harmonic order and the harmonic order 
respectively.  
According to the circuit depicted in Figure 4-9, there are two voltage supplies 
connected to each end of the circuit, which are the grid voltage Vg and the inverter 
voltage Vin, and both voltages affect the PCC voltage. The PCC voltage (VPCC) can 
be derived in accordance with the well-known superposition theory, yielding equation 
4.4: 
 
 
𝑉𝑃𝐶𝐶(ℎ𝑛) =
𝑉𝑖𝑛(ℎ𝑛)𝑍𝐿𝑔(ℎ𝑛) + 𝑉𝑔(ℎ𝑛)𝑍𝐿𝑓(ℎ𝑛)
𝑍𝐿𝑓(ℎ𝑛) + 𝑍𝐿𝑔(ℎ𝑛) +
𝑍𝐿𝑓(ℎ𝑛)𝑍𝐿𝑔(ℎ𝑛)
𝑍𝐶𝑓(ℎ𝑛)
 
(4.4) 
 
The PCC voltage given above is determined by a combination of effects: those of the 
inverter filter impedances and the grid impedance. As such, at lower frequencies, the 
large value of the capacitor impedance makes the term  
𝑍𝐿𝑓(ℎ𝑛)𝑍𝐿𝑔(ℎ𝑛)
𝑍𝐶𝑓(ℎ𝑛)
  much smaller 
than 𝑍𝐿𝑓(ℎ𝑛) + 𝑍𝐿𝑔(ℎ𝑛), and in this case, the PCC voltage is only determined by the 
latter term, leading to a low magnitude of PCC voltage: 
  
 𝑉𝑃𝐶𝐶(ℎ𝑛) =
𝑉𝑖𝑛(ℎ𝑛)𝑍𝐿𝑔(ℎ𝑛)
𝑍𝐿𝑓(ℎ𝑛) + 𝑍𝐿𝑔(ℎ𝑛)
 (4.4) 
 
In contrast, the term 
𝑍𝐿𝑓(ℎ𝑛)𝑍𝐿𝑔(ℎ𝑛)
𝑍𝐶𝑓(ℎ𝑛)
  is much larger than the 𝑍𝐿𝑓(ℎ𝑛) + 𝑍𝐿𝑔(ℎ𝑛) term at 
high frequencies, and the PCC voltage can be determined as follows: 
 
 
𝑉𝑃𝐶𝐶(ℎ𝑛) =
𝑉𝑖𝑛(ℎ𝑛)𝑍𝐿𝑔(ℎ𝑛) + 𝑉𝑔(ℎ𝑛)𝑍𝐿𝑓(ℎ𝑛)
𝑍𝐿𝑓(ℎ𝑛)𝑍𝐿𝑔(ℎ𝑛)
𝑍𝐶𝑓(ℎ𝑛)
 
(4.5) 
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The PCC voltage given in equation 4.5 is an approximation used at low frequencies. 
At stiff grid conditions, the small value of grid inductance Lg means that the effect of 
two terms 𝑍𝐿𝑔(ℎ𝑛) and 𝑉𝑖𝑛(ℎ𝑛)𝑍𝐿𝑔(ℎ𝑛) can be neglected, and thus the PCC voltage is 
determined by the impedance of the inverter-side inductor. In contrast, the case is 
completely different in weak grid conditions, where the grid inductor competes with 
the filter inductor. In this case, the PCC voltage is determined by both the  
inverter-side inductor impedances and the grid-side inductor impedance, including the 
grid impedance. It can therefore be concluded that the voltage level at the PCC in weak 
grid conditions is more vulnerable to the impact of the VSI than in stiff grid conditions. 
As the grid inverter system is interfaced to the grid by the LCL filter, stability problems 
might arise due to the inherent high frequency peak of the filter resonant  
frequency [128]. The resonant frequency of a third order LCL filter is given in  
equation 4.6 below, where the grid-side inductor is added to the time varying-grid 
inductor in series, as shown in equation 4.7 [105]. 
 
 𝜔𝑟𝑒𝑠 = √
𝐿1 + 𝐿2
𝐿1𝐿2𝐶𝑓
 (4.6) 
 
 𝜔𝑟𝑒𝑠 = √
𝐿1 + 𝐿2 + 𝐿𝑔
𝐿1(𝐿2 + 𝐿𝑔)𝐶𝑓
 (4.7) 
 
where 𝜔𝑟𝑒𝑠 is the resonant frequency (rad/sec), 𝐿1 is the inverter-side inductance, 𝐿2 
is the grid-side inductance, 𝐿𝑔 is the grid inductance, and 𝐶𝑓 is the filter capacitance. 
The large change in the grid impedance (Lg in equation 4.7 poses a challenge in the 
design of the control system in terms of dynamics and stability at both low frequencies 
around the fundamental frequency, which is the controller’s bandwidth frequency, as 
well as at high frequencies (around the filter’s resonant frequency) [129]. This means 
that knowledge of the grid impedance is important in controller design, as well as for 
the safe operation of the grid-connected inverter system. In addition, the voltage at the 
PCC is distorted due to the change in the grid impedance and the other non-linear loads 
connected to the PCC [87].  
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The resonant frequency, which changes according to the grid impedance variation is 
calculated for a wide range of grid impedance values from 0.1 to 0.8mH in accordance 
with IEC 60752 standards, and the results are summarised in Table 4. 
 
 
Table 4 THD% results of grid currents and voltages as a function of grid impedance 
Lg (mH) fres(calculated) Hz VPCC THD % Ig THD % Kp 
0.1 4194 2.48 1.50 0.2 
0.2 3930 2.50 1.46 0.2 
0.3 3724 2.53 1.45 0.2 
0.4 3558 2.55 1.33 0.2 
0.5 3422 2.58 1.43 0.2 
0.6 3307 2.59 1.25 0.2 
0.7 3210 2.61 1.17 0.2 
0.8 3102 2.62 1.12 0.2 
  
 
The table also includes the simulation results of the THD% of the grid current and 
voltage at the PCC. The impact of the grid inductance on the harmonic profile of the 
PCC voltage is recorded in Figure 4-10 for simulated grid inductance of 0.1mH, 
0.4mH, and 0.8mH.    
 
 
(a) 
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(b) 
 
 
(c) 
Figure 4-10 Harmonic profiles of the PCC voltage for (a) Lg=0.1mH, (b) Lg=0.4mH, and  
(c) Lg=0.8mH 
 
As can be seen from the data above, the THD% of the PCC voltage has a proportional 
relationship with grid inductance, which means that the voltage signal at the PCC is 
affected by increasing grid inductance, which can also be seen in Table 4 where the 
THD% value increases from 2.48% in the case of Lg = 0.1mH to 2.62% in the case of 
Lg = 0.8mH. Moreover, the change in the grid inductor moves the harmonic order of 
the resonant peak towards the low-frequency range, which can be seen from  
Figure 4-11. 
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(a) 
 
 
(b) 
Figure 4-11 Impact of grid inductor variations on the position of the resonant peak: (a) 
Lg=0.1mH, (b) Lg=0.8mH. 
 
 
The Bode plots of the system under a wide range of values of grid inductance are 
shown in Figure 4-12. As demonstrated in the figure, when the grid impedance 
increases, the resonant frequency and the controller bandwidth decrease, which may 
drive the system toward instability.  
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Figure 4-12 Bode diagrams of the non-damped system under a wide range of grid impedance 
values 
 
It can therefore be concluded that variation in grid impedance has a significant impact 
on the performance of the VSI system in terms of stability and power quality. In 
previous study [128], these effects have been investigated based on a PI-controller-
based implementation. 
4.3.3 Effects of grid frequency variation 
The voltage and frequency of the distribution network are affected by the coupling and 
decoupling of new resources, which poses risks to both power quality and stability. To 
guarantee system stability and satisfactory power quality, limits and standards such as 
IEEE1547 and IEC1727 have been established and have to be considered. In the  
IEEE1547 standards, the requirement is to disconnect the PV inverter system from the 
utility grid whenever the frequency or voltage levels exceed predefined  
thresholds [33]. In this section, the effect of frequency variation on VSI performance 
is investigated. It has been reported in [130] that the negative impact of frequency 
fluctuations on small scale distribution generators can vary from decreasing the power 
quality to complete islanding and loss of connection when exceeding the standard 
limitation. This scenario can be extremely challenging in term of the control design 
for the VSI, even when resonant controllers such as the PR controller are implemented.  
In the case of the PR controller, the controller structure consists of the fundamental 
frequency which is set to 50Hz in the internal blocks. As such, if the frequency is 
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subject to change, the controller might not be able to function as expected. The case 
can be even worse when PR+HC is used, as the degree of the HC is multiplied by the 
degree of the fundamental. In the literature, a number of solutions have been published 
[68, 70], which are based on modifying the PLL structure and feeding the controller 
with the frequency information.  
To assess the sensitivity towards deviations in the background grid frequency, the 
simulated VSI was subjected to a frequency shift of ± 1Hz of the fundamental 
component (50 Hz). The variation of ±1 Hz was selected in accordance with the IEC 
grid code, which demands that the PV system should be able to ride through variations 
as large as ±1 Hz. 
The results obtained for the impact of grid frequency variation on power quality and 
system stability are summarised in Table 5. The data provided show that the power 
quality is negatively affected in terms of THD% and DC injection. Furthermore, the 
grid current THD% and the PCC voltage THD% are both influenced by the ±1 Hz 
deviation. For example, the THD% of the grid current increases from 3.19% at a grid 
frequency of 50Hz (see Fig. 4-13) to 4.18% for a grid frequency of 50.4Hz (see  
Figure. 4-14). The impact is even more significant when the grid frequency is manually 
set to 51 Hz, where the THD% is found to exceed IEEE1547 standards. This is also 
the scenario for the THD% of PPC voltage, except in the case of -1 Hz variation where 
the THD% of the PCC voltage is hardly affected. 
 
 
Table 5 Simulation results of the impact of frequency variations 
Frequency (Hz) THD%_Ig DC Components_Ig THD% _VPCC DC Components_VPCC 
50 3.19 0.00145 2.47 0.0005 
50.4 4.18 0.2559 3.96 7.668 
50.8 4.71 0.1756 4.16 5.355 
51 5.41 0.1753 4.16 3.349 
49.8 4.27 0.0369 2.47 1.095 
49.4 4.01 0.1345 2.47 4.068 
49 4.53 0.2132 2.78 6.577 
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Another important factor that weakens the power quality of the PV inverter system is 
the DC injection. According to IEEE standars1547, the maximum allowed DC 
injection has to be less than 5% of the full rated current [131]. The data in Table 5, 
show that as the grid frequency deviates from its normal fundamental value, the DC 
components in both the grid current and PCC voltage signals become larger. In the 
grid’s normal operating condition (f =50 Hz), the DC component in the grid current 
signal is 0.00145, which is far smaller than the limitation in the standard. However, 
when the frequency starts to increase or decrease, the presence of the DC component 
grows larger. In fact, the proportion of the DC injection to the grid is unacceptable for 
the injected grid current for ± 1Hz.   
 
 
Figure 4-13 Harmonic profile of the inverter output current at a grid frequency of 50 Hz 
 
 
Figure 4-14 Harmonic profile of the inverter output current at a grid frequency of 50.4 Hz 
 
Moreover, it has also been found that, as the frequency of the grid deviates from its 
nominal value, a unity power factor (PF) might not be guaranteed. Figure 4-15 shows 
the waveforms of the grid voltage and output current at a grid frequency of 50.8Hz. 
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As can be seen from the top-left inset of the figure, the synchronisation is not accurate, 
and a significant phase shift between the grid current and grid voltage can easily be 
observed. 
 
Figure 4-15 Grid voltage and current waveforms at a background grid voltage of 5.8 Hz 
 
4.4 Chapter summary 
This chapter presented a Simulink-based design of a single-phase PV grid-connected 
inverter. The Simulink model was used to investigate the harmonic interaction between 
the VSI and the background distribution system. In particular, the effect of grid 
operation conditions such as the grid voltage and frequency, as well as of variations in 
the grid impedance on the VSI performance, were investigated. The results of the 
investigation show that variations in grid operating conditions have a significant 
impact on the harmonic profiles of both the grid current and the PCC voltage. 
Furthermore, changes in the magnitude and phase angle of the background grid voltage 
were found to lead to variations in the magnitude and phase angle of the PCC voltage 
signal. In addition, it was demonstrated that deviation of the in grid frequency from its 
nominal value can challenge the performance of the current controller, reduce power 
quality in terms of THD, and lead to steady-state error. Likewise, the increased grid 
impedance that is associated with a weak grid can cause a distortion in the PCC voltage 
signal, which in turn influences the injected grid current. 
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CHAPTER 5  
DESIGN AND IMPLEMENTATION OF THE 
PROPOSED ADAPTIVE PR CONTROLLER  
5.1 Introduction 
The penetration of PV systems connected to the grid is increasing rapidly. In particular, 
these systems are gaining fame and popularity due to their suitability for both 
standalone grid-connected systems [132, 133]. Due to the changeable grid operating 
condition, smart interface between dispatchers and the network that employ such 
systems  are essential in order to satisfy the consumer demands in the one hand, and 
for safety and reliability purposes on the other hand [134]. One example of these 
changeable conditions is the variations in grid impedance. The reasons for variations 
in grid impedance can be combinations of several factors, including the characteristics 
of transformers, cables, and loads. Apart from the impedance of medium and high 
voltage transformers which is mainly inductive, low voltage cables introduce a 
prevalent resistive impedance that changes according to the distance between the PV 
system and the transformer [135]. Indeed, grid impedance information is of prime 
importance in inverter filter design, grid failure detection, compliance with standard 
specifications such as IEEE929, IEEE1547 and VDE0126, islanding operation and, 
last but not least, control loop tuning [134]. 
In this chapter, the design and implementation of the adaptive PR controller (APR) is 
proposed. 
 
 
5.2 The proposed adaptive PR controller (APR) 
This section presents the development of an on-line adaptation of the APR controller. 
To achieve this, a fourth-order digital band-pass filter is designed base on Sallen-Key 
topology. The task of the filter is to filter out the harmonic components around the 
resonance frequency from the PCC voltage waveform. The fourth-order band-pass 
filter block is inserted into the control loop in order to monitor and filter out the voltage 
signal at the point of common coupling (VPCC). The filter is designed to only filter out 
the harmonic components around the resonant frequency (ωres) which cause oscillation 
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in the voltage signal. The output signal of the band-pass filter has proceeds in such a 
way so it can be readable by the controller for parameter tuning. This process can be 
achieved by using statistic signal processing techniques which consists of signal 
rectification, integration and mean value determination. This yields estimation of any 
variation in grid impedance. Finally, the estimated grid impedance value is used as a 
reference for a look-up so as to select the appropriate corresponding PR parameters KP 
and KR. A two-dimensional look-up table is built and its values are selected based on 
the best values of KP and KR and the corresponding predicted grid impedance. The best 
values of the controller parameters have been selected using a Partial Swarm 
optimization algorithm (PSO). It is worth pointing out that only the inductive part is 
considered, as increases in grid inductance can leads to an unstable distribution system 
[79]. The technique of the proposed APR controller is illustrated in Figure 5-1.  
 
 
 
 
 
Figure 5-1 Block diagram of the proposed adaptive PR controller (APR)  
 
5.2.1 Band-pass filter design for resonance detection 
Band-pass filters are widely used in communication and signal processing 
applications for frequency selection at a pre specified range. In this work, a fourth-
order band-pass filter with high attenuation rate of corner cut-off frequency is designed 
for resonance detection purpose. The targeted harmonic components at the resonance 
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frequency are relatively small in magnitude compared to fundamental components. 
For this reason, a Sallen-Key topology with Butterworth response is proposed to 
achieve a high-order response and to minimize the ripple at the filter pass-band 
respectively. In addition to its simplicity, the main advantage of such a topology is its 
capability of allowing a high quality factor combined with high pass gain without the 
use of inductors. The passive components and design process of the filter were 
achieved according to the guidelines given in [136] in which the design techniques of 
band-pass filters have been extensively discussed. The transfer function of a second 
order band-pass filer is given in equation 5.1.  
 
𝐻(𝑠) =
(1 +
𝑅𝑏
𝑅𝑎
𝑠)
𝑠
𝑅𝑎 𝐶1
𝑠2 + (
1
𝑅1𝐶1
+
1
𝑅2𝐶1
+
1
𝑅2𝐶2
−
𝑅𝑏
𝑅𝑎𝑅𝑓𝐶1
) 𝑠 +
𝑅1𝑅𝑓
𝑅1𝑅2𝑅𝑓𝐶1𝐶2
𝑠
 (5.1) 
 
The transfer function of the desired 4th order filter is provided by the multiplication of 
two 2nd order band-pass filter transfer functions, yielding equation 5.2. 
 
  𝐻𝐵𝑃(𝑠) = 𝐻1(𝑠)𝐻2(𝑠) (5.2) 
 
where H1(s) and H2(s) are the transfer functions of first and second stages of the 2
nd 
order filter respectively. Figure 5-2 shows  two second-order Sallen-key band-pass 
filters cascaded together to shape the required fourth order filter. In this work, the 
designed bandpass filter operates in a frequency range between 3 kHz-to- 4.5 kHz, 
which is the bandwidth of harmonic components around the resonant frequency 
 
 
Figure 5-2 Circuit diagram of two cascaded second-order band-pass filters 
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It is important to mention that the bandwidth of the filter has been selected based on 
an FFT analysis of the voltage waveform at the PCC, and the calculation of the 
resonant frequency given in equation 5.3.  
 
 𝜔𝑟𝑒𝑠 = √
𝐿1 + 𝐿2 + 𝐿𝑔
𝐿1(𝐿2 + 𝐿𝑔)𝐶𝑓
 (5.3) 
 
The specification of the 4th order band-pass filter is given in table 6. 
 
Table 6 Specification of band-pass filter 
Topology Order Response Central frequency Bandwidth 
Sallen-Key 4th Butterworth 3750 Hz 1500 Hz 
 
For the digital implementation of the band-pass filter, the discretization method has to 
be carefully selected, because many of the existing techniques can result in pole 
displacement and frequency deviations at which high gain accrues with respect to the 
continuous transfer function [64]. It has been stated in [64] that most discretization 
methods result in acceptable performance when tracking the fundamental frequency 
reference of 50 Hz  or even for low order harmonics, which is not the target of the 
proposed band-pass filter. However, in applications where signals of higher 
frequencies are targeted, such as in the proposed bandpass filter, the performance level 
might not be acceptable and special attention has to be paid since some methods have 
a direct impact on stability. For the designed band-pass filter, discretization has been 
achieved using the “c2z” function in MATLAB with a suitable discretization method. 
The s-domain transfer function of the designed 4th order bandpass filter is given in 
equation 5.4 
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𝐵𝑃(𝑠) =
4.09𝑒9𝑠2
𝑠4 + 1.332𝑒4𝑠3 + 1.155𝑒9𝑠2 + 7.388𝑒12𝑠 + 3.076𝑒17
 
(5.4) 
 
For the selection of the discretization method, a comparison has been carried out 
between two different methods: the zero-order hold (ZOH) and trapezoid (Tustin) 
method. The zero order hold (ZOH) method as given in equation 5.5 has been selected 
due to its ability to produce an identical match in the frequency response between the 
continuous and discrete transfer functions.  
  
𝐺(𝑧) = (1 − 𝑍−1)𝑍 {𝐿−1 {
𝐺(𝑠)
𝑠
}} 
(5.5) 
 
The corresponding z-domain transfer function using the ZOH method is given in 
equation 5.6. 
𝐵𝑃(𝑧) =
3.654𝑧3 − 5.217𝑧2 − 1.234𝑧 + 2.798
𝑧4 + 1.972𝑧3 + 1.996𝑧2 + 1.015𝑧 + 0.2639
 
(5.6) 
 
As illustrated in Figure 5-3, the frequency responses of the band-pass filter for both 
the s- and z-domains are obviously identical for both, the low and high harmonic 
orders. The figure also shows that the filter high gain is 38dB, which will magnify the 
magnitudes of the harmonic components around the resonant frequency for ease of 
detection, where the harmonic components around the fundamental frequency are 
attenuated to -56 dB. 
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Figure 5-3 Comparison of filter frequency response between s-domain and z-domain transfer 
functions using ZOH discretization method 
 
In contrast, the discretization using the Tustin method which is given in equation 
equation5.7 has resulted in pole displacement and different frequency responses 
between the s-and z-domain. 
𝐺(𝑧) = 𝐺(𝑠)
𝑠=
2 𝑧−1
𝑇𝑠𝑧+1
 
(5.7) 
where Ts is the sampling time. 
This can be clearly observed in Figure 5-4, which shows the magnitude and phase 
angle frequency response of the band-pass filter. Although there is a match between 
the two frequency responses in the s- and z-domains in the low-order harmonic 
components, the presence of frequency deviation in the high harmonic orders is 
obvious due to pole displacement. This can reduce the robustness and affect the 
performance of the designed filter.  
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Figure 5-4 Comparison of filter frequency responses comparison between s-domain and z-
domain transfers function using Tustin discretization method 
  
The proposed digital band-pass filter is built in Matlab/Simulink using a discrete 
transfer function block as shown in Figure 5-5. The input signal to the filter is the 
voltage signal at the PCC (VPCC) which captured by the voltage sensor placed at that 
point. 
 
Figure 5-5 Block diagram of the digital band-pass filter in Matlab/Simulink 
 
To assess the performance and filtering effects of the designed digital band-pass filter, 
FFT analysis has been carried out to the output distorted signal from the band-pass 
filter (VOUT-BP) in Matlab. At first, the single-phase grid-connected PV inverter shown 
earlier in Figure 4-1 was interfaced to the grid via the LCL filter in series with grid 
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inductance varying from 0.1mH to 0.9mH. Figure 5-6 shows the PCC voltage 
waveform in the case of 0.1mH, which is the input signal to the digital band-pass filter.  
 
 
Figure 5-6 PCC voltage waveform (VPCC) at 0.1mH of grid inductor Lg. (I demand=8.32A 
RMS, VDC=400V, Vg=230V RMS) 
 
 
As this waveform is received by the digital filter, the resonance will be detected, and 
only the harmonic components around this resonance will shape the output voltage 
signal from the band-pass filter (VOUT-BP) as shown in Figure 5-7. This figure 
illustrates that, even with a low value of grid impedance of 0.1mH, the designed band-
pass filter is still able to detect the resonance due to the magnification action achieved 
by the designed high pass-band gain.  
 
 
 
Figure 5-7 Output voltage waveform from the band-pass filter at 0.1mH of grid inductor              
(I demand=8.32A RMS, VDC=400V, Vg=230V RMS) 
 
 
 
The FFT analysis for the output voltage signal from the band-pass filter (VOUT-BP) is 
shown in Figure 5-8 in the case of 0.1mH. The magnitude of the resonance captured 
within the filter bandwidth as shown within the red box is significantly magnified and 
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is presented as a percentage of the fundamental frequency. On the other hand, all the 
harmonic components outside of the filter bandwidth are attenuated.   
 
 
 
Figure 5-8 Harmonic profile of the output voltage from the bandpass filter at Lg=0.1mH             
(I demand=8.32A RMS, VDC=400V, Vg=230V RMS) 
 
 
For further investigation regarding the band-pass filter’s performance, the grid 
inductance of the single-phase grid-connected PV inverter system was increased to 
0.8mH. Figure 5-9 shows the PCC voltage which is the input to the filter. As can be 
noticed, a high level of oscillation can be observed on the input signal compared with 
the same waveform in the case of the 0.1mH grid inductor which proves that as the 
grid inductor increases more oscillation will be present in voltage waveform at the 
PCC.  
 
 
 
Figure 5-9 PCC voltage waveform (VPCC) at 0.8mH of grid inductor Lg. (I demand=8.32A 
RMS, VDC=400V, Vg=230V RMS) 
 
The output voltage signal from the band-pass filter (VOUT-BP) and its FFT analysis in 
the case of 0.8mH are shown in Figures 5-10 and 5-11 respectively.  
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Figure 5-10 Output voltage waveform from the band-pass filter at 0.8mH of grid inductor              
(I demand=8.32A RMS, VDC=400V, Vg=230V RMS) 
 
 
 
Figure 5-11 Harmonic profile of the output voltage from the bandpass filter at Lg=0.8mH             
(I demand=8.32A RMS, VDC=400V, Vg=230V RMS) 
 
It can be noted from the figure that the bandpass filter is able to effectively detect and 
capture the harmonic components around the resonance frequency. Moreover, the 
shape of the filtered signal is different and changes according to the change in the grid 
inductor.  
 
5.3 Gain scheduling of the proposed adaptive PR controller 
The parameters of the conventional PR controller (KP, KR), are tuned at fixed values. 
In this way, the control action will not follow the change in grid operating conditions 
such as time-varying grid impedance because the controller needs the impedance 
information in order to tune the proportional and resonant gains accordingly.  The 4th 
order digital band-pass filter presented in section 5.3 was employed to detect and 
capture the harmonic components around the resonance frequency of the PCC voltage 
waveform within the selected bandwidth. It has been shown in Figures 5-7 and 5-10, 
that the output waveform from the band-pass filter is different for different values of 
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grid inductance.  These obtained signals are in the form of oscillating waveforms and 
with the help of signal processing techniques, they can be recognised and read by the 
controller to be considered in the control loop, and hence the controller parameters can 
be retuned. So the next step following the filtering action is a statistical signal 
processing chain which consists of the following analysis: signal rectification, 
integration and the averaging of the filtered signal obtained. The control structure of 
the adaptive PR controller is depicted in Figure 5-12. 
   
As can be seen, the signal processing of the VOUT-BP signal provides the corresponding 
grid inductance to the pre-built two-dimensional look-up table. This look-up table 
consists of the best possible values of KP and KR for a wide range of variation in grid 
inductance from 0.1mH up to 0.8mH.  It is worth mentioning that the selection of these 
inductance values was conducted according to the IEC 60725 standard. The standard 
states that the maximum grid impedance for a single-phase two-wire 230V 50Hz 
supplies is 0.4+j025 Ω, which is equal to 0.4Ω and 0.796mH respectively.  
 
 
 
Figure 5-12 Gain schedule of adaptive PR controller 
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5.3.1 Simulation results of statistical signal processing 
     As the PCC voltage signal shown in Figures 5-13.a, and 5-14.a goes through the 
digital band-pass filter, the filter’s high pass gain will allow only the harmonic 
components around the resonant frequency to be passed in the form of an oscillating 
signal, while attenuating those components around the fundamental frequency. This 
can be easily seen in Figure 4, where the attenuation gain is equal to -56 dB as 
illustrated in Figure 5-3 in section 5.3.1. Figures 5-13 and 5-14 show the simulation 
results of the system being connected to grid inductances of 0.1mH and 0.8 mH 
respectively. As can be seen from Figure 5-13b, the asymmetrical oscillation of the 
filtered signal in the case of Lg = 0.1mH is less than that of Lg= 0.8mH presented in 
Figure5-14b. 
 
 
Figure 5-13 Simulation results of the filtering and signal processing chain of Lg = 0.1 mH:  
(a) Filter input Vpcc signal. (b) Filter output signal, (c) Rectifying signal; and (d) integrated 
signal. 
 
In fact, it has been found that, the higher the grid inductor, the more oscillation is 
present in the voltage signal. The next step in the processing chain is the rectification 
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of the filtered signal to offset the negative part, yielding, the rectifying signals shown 
in Figures 5-13c and 5-14c for Lg = 0.1mH and Lg = 0.8mH respectively.  
The results shown in Figures 5-13d, and 5-14d illustrate the second step which is the 
integration of the rectified signal.  This has been accomplished by summing up the 
rectified signal at every PCC voltage fundamental cycle. Again, the change in grid 
inductance can be linked to the change in resonant frequency, where the peak points 
of the integrated signal related to Lg = 0.8mH is significantly bigger than those of Lg 
= 0.1mH. Since the maximum values of the integrated signal are different for every 
cycle, the last step in the signal processing is averaging, which is conducted by taking 
the average of the last ten cycles of the integrating signal.   
 
 
Figure 5-14 Simulation results of filtering and signal processing chain of Lg = 0.8mH:  
(a) Filter input Vpcc signal (b) Filter output signal, (c) Rectifying signal; and (d) integrated 
signal. 
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   The resulting value in every case is the corresponding value of the grid inductance 
which is used to build the look-up table for the adaptive controller gains KP and K. 
The data included in table 7 present the average values corresponding to two different 
values of grid inductance.  
 
 
Table 7 Average values of the integrated signal for 0.1mH and 0.8mH 
Lg 
(mH) 
Maximum values of the last ten cycle Average 
value 1 2 3 4 5 6 7 8 9 10 
0.1 52.74 32.16 29.85 29.99 31.87 35.43 25.01 35.75 32.21 27.98 30.50 
0.8 86.47 71.22 82.87 71.19 73.4 70.6 76.57 75.88 73.11 65.17 74.84 
 
 
5.4 Online adaptation of look-up table for the tuning of PR controller parameters 
using particle swarm optimisation algorithm. 
The parameters of the PR controller are tuned online according to a generated look-
up-table built by an iterative technique known as Particle Swarm Optimization (PSO). 
This algorithm works in a collective way in which members of the population work 
together in random particle movement in order to find a global optimum without 
selectivity [137]. 
One advantage of this algorithm is that even low-fitness population members are not 
discarded but survive to be the subjects of future successful members of the swarm. 
Every particle in the population Xi is considered to be a point in the N-dimensional 
space to represent the optimisation problem; hence; 
 
𝑋𝑖 = (𝑋𝑖1, 𝑋𝑖2, … … … … , 𝑋𝑖𝑁 ) 𝑓𝑜𝑟 𝑖 = 1,2, … … . . , 𝑀 (5.8) 
 
where N is the number of variables and M is the number of particles which form the 
population. Each particle in the swarm is completely free to fly within the search space 
with a velocity Vi in addition to its position. This velocity is continuously adjusted 
according to the flying history of the population members and the particle itself.  
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𝑉𝑖 = (𝑉𝑖1, 𝑉𝑖2, … … … … , 𝑉𝑖𝑁 ) 𝑓𝑜𝑟 𝑖 = 1,2, … … . . , 𝑀 (5.9) 
 
Each particle in the search space has a position corresponding to a potential result. 
This position is evaluated according to a given performance function in order to assess 
the fitness value of that particle. The particle collects information from other 
population members about the best position to date, and in the same time to save this 
position. The particle then determines the next displacement vector within the search 
space based on the velocity and the best position as depicted in Figure 5-15. The 
motion of each particle is given in the following equations: 
 
𝑣𝑖𝑛
𝑘+1 = 𝑐1𝑣𝑖𝑛
𝑘+1 + 𝑐𝑚𝑎𝑥𝑟1{0,1}(𝑝𝑖𝑛
𝑘 − 𝑥𝑖𝑛
𝑘 ) + 𝑐𝑚𝑎𝑥𝑟2{0,1}(𝑔𝑖𝑛
𝑘 − 𝑥𝑖𝑛
𝑘 ) (5.10) 
 
𝑥𝑖𝑛
𝑘+1 = 𝑥𝑖𝑛
𝑘 + 𝑣𝑖𝑛
𝑘+1 (5.11) 
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Figure 5-15 Three fundamental elements for the calculation of the next displacement of a 
particle 
 
For the proposed adaptive PR controller, the PSO algorithm was employed to 
determine the best values for the controller parameters KP and KR which give the best 
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controller performance under a wide range of variation in grid inductance. Both the 
total harmonic distortion (THD %) of the injected grid current Ig and voltage at PCC 
were considered in the cost function given in equation 5.12. Moreover, the error signal 
resulting from subtracting the reference and measured grid current signals were also 
considered for the further elimination of steady state error.  
 
𝑓(𝐾𝑃 , 𝐾𝑅) = ∑ [|𝐼𝑔𝑟𝑒𝑓 − 𝐼𝑔𝑚𝑒𝑠|
+ |𝑇𝐻𝐷𝐼𝑔𝑟𝑒𝑓
− 𝑇𝐻𝐷𝐼𝑔𝑚𝑒𝑠| |𝑇𝐻𝐷𝑉𝑃𝐶𝐶𝑟𝑒𝑓
− 𝑇𝐻𝐷𝑉𝑃𝐶𝐶𝑚𝑒𝑠|] ∆𝑇 
(5.12) 
 
where  𝐼𝑔𝑟𝑒𝑓  and 𝐼𝑔𝑚𝑒𝑠  are the reference and measured currents respectively. 
This equation works in co-operation with a velocity and position equations as shown 
in equation (5.13), and equation (5.14).  
𝑉𝑐(𝑘) = 𝑘(𝑤𝑉𝑐(𝑘 − 1)) + 𝑐1(𝑃𝑏(𝑘) − 𝑃(𝑘 − 1) + 𝑐2(𝑔𝑏𝑒𝑠𝑡(𝑘)) − 𝑃(𝑘 − 1))
                                                                             
(5.13) 
𝑃(𝑘) = 𝑃(𝑘 − 1) + 𝑉(𝑘)
                                                                              
(5.14) 
Where, 𝑔𝑏𝑒𝑠𝑡 denotes the best values of Kp and KR, 𝑐1 and 𝑐1 are constants. 
 
Figure 5-16 shows the simulation results of the controller parameters Kp and KR 
and the resulted THD% values of grid current and voltage at the PCC. It is obvious 
from the figure that the values of KP and KR provided by the PSO algorithm have led to 
the lowest possible total harmonic distortion for the injected grid current and for the 
voltage at the PCC, and hence, the power quality requirements for the grid-connected 
PV inverter system have been satisfied. 
 
Chapter 5           Design and Implementation of The Proposed Adaptive PR Controller 
83 
 
 
Figure 5-16 Path of the best values for KP and KR determined by the PSO 
 
To evaluate the concept of the proposed adaptive PR controller, the designed 2 kW 
single-phase grid-connected PV inverter system was used first with the conventional 
PR controller which has fixed values of KP and KR and then with the adaptive PR 
controller. The comparison was based on the performance of both controllers in terms 
of the lowest THD% values of grid current and PCC voltage. The system was 
connected to a wide range of grid inductance varying from 0.1mH representing a stiff 
grid to 0.8mH representing a weak grid. The values of THD% of the grid current as 
well as the PCC voltage were recorded are shown in table 8.    
  
Table 8 Comparison results of conventional PR and APR controller 
    Lg 
(mH) 
                  APR                  PR 
Ig_THD% Vpcc_THD% Ig_THD% Vpcc_THD% 
   0.2      0.55       2.47     0.99      2.50 
   0.4      0.54       2.48     0.99      2.55 
   0.6      0.61       2.49     0.94      2.59 
   0.8      0.57       2.49     0.95      2.63 
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The figures in the table demonstrate that the performance of the system with the 
proposed adaptive scheme APR is much better than that using the conventional PR 
controller. The total harmonic distortion of the grid current as well as PCC voltage has 
been significantly improved for all cases of grid inductance variation. For instance, at 
a grid inductance of 0.2mH, the recorded THD% of the grid current under the 
conventional PR controller was almost twice as much compared to that under the 
proposed APR controller, where the THD of the PCC voltage under the APR controller 
is slightly less than that of the PR controller. 
Fast Fourier Transform (FFT) analysis has been carried out for the inverter output 
current with the adaptive and conventional PR controllers. As illustrated in Figures 5-
17 and 5-18, the THD of the grid current under the adaptive PR controller is less than 
that of the conventional PR controller. 
 
 
Figure 5-17 FFT analysis of grid current with APR controller for grid inductance of 0.8mH 
 
 
 
 
 
Figure 5-18 FFT analysis of grid current with PR controller for grid inductance of 0.8mH 
Chapter 5           Design and Implementation of The Proposed Adaptive PR Controller 
85 
Figure 5-19 shows the THD of the grid current for a system with grid impedance varied 
abruptly from 0.2, 0.4, 0.6, and 0.8mH in an interval of 0.2 second for each. As 
presented in the figure, the APR controller parameters are tuned in accordance with 
the grid impedance variation.  The PR control parameters Kp and KR change to keep 
the THD% of grid current at acceptably low levels according to the IEEE929 limit of 
less than 5 %. In each case, the proposed adaptive controller shows very promising 
results and can handle any variation in grid impedance. Finally, the simulation results 
of the harmonic-polluted grid voltage with injected grid current under the proposed 
control strategy in Figure 5-20 shows that the injected grid current is regulated and 
synchronized with the grid voltage under wide range of variations in grid impedance. 
This demonstrates the effectiveness and robustness of the proposed APR controller. 
 
 
Figure 5-19 Online adaptation of look-up table for APR controller 
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Figure 5-20 Grid voltage and current waveforms under changeable grid impedance with the 
proposed control strategy. 
 
 
5.5 Chapter summary 
In this chapter, the proposed adaptive PR controller has been presented. The main issue 
considered is tuning the controller parameters in accordance to the change in grid 
impedance. A new grid impedance estimation method based on the detection of 
resonance is proposed. The proposed estimation method employs a digital band-pass 
filter combined with a statistical signal processing technique. It has been demonstrated 
that the change in grid impedance leads to a change in the resonance frequency of the 
voltage signal at the PCC.  The bandwidth of the band-pass filter ensures that only the 
harmonic components around the resonance frequency is captured and then passed. 
The output signal from the filter is analysed by as signal processing technique consists 
of signal rectification, integration and average value determination.  
The parameters of the PR controller are retuned whenever a change in the grid 
impedance is detected based on data stored in a look-up table. This look-up table 
consists of the best possible values controller parameters for a wide range of variation 
in grid inductance. Particle Swarm Optimization algorithm is used in order to 
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determine the parameters of the APR controller which ensure the lower THD of 
injected grid current as well as lower THD of PCC voltage. 
The proposed scheme is implemented in the Simulink model and it is demonstrated to 
be effective in detecting the variation in grid inductance and retuning the controller 
parameters to obtain a sinusoidal current and voltage with the lowest possible levels 
of THD.  
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CHAPTER 6  
EXPERIMENTAL SET-UP AND PRACTICAL WORK 
PREPARATION  
6.1 Introduction 
This chapter presents the implementation of the single-phase PV grid-connected 
inverter for the experimental phase of the research work. The experimental system is 
designed and installed to link the DC source that represents the PV source to the utility 
grid in a laboratory environment. An overview of the test rig hardware and grid 
synchronisation sequence is first provided. This is followed by a detailed description 
of the system’s components and the platform of the employed microcontroller, as well 
as of the system isolation and protection circuit. 
6.2 Overview of experimental grid-connected PV inverter system 
The experimental system is designed and installed to link the DC source and the utility 
grid in the Electrical Power laboratory at Newcastle University. A schematic diagram 
shown in Figure 6-1 gives a general overview of the design of the experimental system.  
 
 
Figure 6-1 Schematic diagram of the test rig system 
  
The system consists of a DC power supply (LP600-4 0-600V 0-4A) which is connected 
to a silicon carbide Mosfet H-bridge inverter. The inverter output is connected to a 
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low-pass LCL filter in series with a tapped inductor which represents the variation in 
grid inductance. Via the LCL filter, the inverter is coupled to the distribution network 
via an isolation transformer and a variac for safety and protection purposes and to step 
down the AC mains voltage 230V. A digital Yokogawa WT310 power meter is used 
to monitor and analyse the output waveforms of the system. The system is provided 
with a protection circuit that controls the on and off switching process which can 
quickly disconnect the system in case of emergency. Figure 6-2 a, and b shows a 
photograph of the experimental system along with its protection unit, while the 
parameters used in the practical work are given in table 9. 
 
 
 
(a) 
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(b) 
Figure 6-2 a. Overall experimental system set-up, b. Internal layout of inverter and protection 
unit enclosures. 
 
Table 9 Parameters of the practical work 
Parameters 
Abbreviation Nomenclature Value 
Pn Nominal Rated Power 200W 
VDC DC link Voltage 100V 
Vg Grid Voltage 45V 
Cd DC Capacitor 2200μF 
L1 Inverter Side Inductor 0.6mH 
L2 Grid Side Inductor 0.2mH 
Cf Filter Capacitor 10 µF 
Lg Grid Inductance 0.1-0.8mH 
fs Switching Frequency 20 kHz 
Ts Controller Sample Time 5 × 10
−5𝑠 
 
6.3 H-bridge inverter module 
Figure 6-3 shows the module of the H-Bridge inverter along with its schematic circuit 
diagram. The module is made up of a PCB board which consists of a positive and 
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negative DC link connection. The link is connected in parallel to two off-electrolytic 
capacitors rated 600V DC and 2200µF each to reduce low frequency ripples on the 
DC link. For the minimisation of high frequency components, a 150nF polyester film 
capacitor is connected in parallel across the DC link for filtering purposes. The single-
phase inverter is made up of four switches of CMF20120D silicon carbide power 
MOSFETs with integrated freewheeling diodes. The switches of the inverter are driven 
by the gate drive with the PWM signals provided by the microcontroller.  
Silicon carbide devices are preferable for many power electronics applications due to 
their advantageous over the other semiconductor devices in terms of switching and 
conduction losses as well as of thermal conductivity. These benefits ensure higher 
system efficiency and reduced cooling requirements and allow high switching 
frequencies to be implemented [138].  
   
 
Figure 6-3 Module of experimental H-bridge inverter 
 
The output of the inverter is connected to the variac via the designed LCL filter whose 
parameters are determined in the same way as that used for the simulation module. 
Moreover, two voltage sensors are employed one being placed at the point of common 
coupling and the other on the grid side, while the current sensor is placed on the 
inverter side of the LCL filter. 
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6.4 TMS320F377D digital signal processor 
The control scheme of the PV grid-connected inverter in this research is implemented 
on a general control board (GCB) which shown in Figure 6-4. The board was designed 
and developed in the electrical power lab within Newcastle University based on the 
Texas Instruments TMS320F377D digital signal controller. It is a 200MHz dual-core 
processor which is useful for power electronics-based applications such as inverter 
control. Each of the two CPUs is associated with a 32-bit control low accelerator 
(CLA), which is a floating-point processing unit that runs at the same clock frequency 
as the CPU. In addition to the CLA, both CPUs contain another two computational 
accelerators in the Viterbi Complex Math Unit (VCU) and the Trigonometric Maths 
Unit (TMU). These mainly important to speed up various numerical calculations.  
Moreover, the general control board has four 12-bit analogue to digital converters 
(ADCs) and three buffered 12-bit digital to analogue converters (DACs).   
 
 
 
 
Figure 6-4 TMS320F377D general control board 
 
6.5 Interface and real-time control 
The general control board is first interfaced with the gate drive board to provide the 
PWM signals from the DSP. The general control board is then interfaced with the host 
PC via a JTAG emulator for real-time control and data transfer. It is worth noting that 
only one core from the dual-core processor is used for the control algorithm of the 
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practical system; however, the benefit of using the F2377D is still significant 
compared to other processor such as TMSF2335, based on its maths accelerators and 
extra peripheral functions. For the control algorithm to be executes, two software suites 
are implemented in the host PC: the code composer studio software CCS.v6, where 
the main control code is written in the C-language; and Matlab software in which the 
graphical user interface (GUI) code is written.  
 
 The execution of the GUI code creates a graphical interface that can be used with the 
F28377D DSP for monitoring and a high level of real-time control. In practice and 
during real-time operation, the GUI can be programmed to update or transfer the 
control demand to the DSP, such as retuning the controller gains; activating or 
deactivating the PWM or displaying the data collected from the store arrays. A 
screenshot example of the GUI is presented in Fig 6-5. Finally, current and voltage 
props are used for the real-time monitoring of the voltage and current signals of 
interest.  
 
 
 
Figure 6-5 Matlab GUI for real-time control 
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6.6 Practical implementation of adaptive PR controller 
The proposed adaptive control algorithm in this research is implemented in the DSP 
based on the conventional PR controller. The algorithm also includes a digital band-
bass filter for the purpose of resonance detection, followed by a chain of statistical 
signal processing. A block diagram of the proposed adaptive control is shown in Figure 
6-6. As can be noticed, the voltage sensor placed at the PCC provides the digital band-
pass filter with the PCC voltage signal. The filter then extracts the harmonic 
components around the resonance frequency which are linked to the variation in grid 
inductance. Figure 6-6 also illustrates that the controller parameters KP and KR are 
updated from the data stored in the pre-built look-up table. 
 
 
Figure 6-6 Block diagram of the proposed adaptive control implemented in the DSP 
  
 
6.7 Phase locked loop PLL for unity power factor operation 
Unity power factor control is an important control aspect that is required in a typical 
design of the grid-connected PV inverter to ensure real power injection into the 
distribution network [139]. More specifically, the current produced from the inverter 
needs to be in phase with the grid voltage. This can be accomplished by generating a 
voltage at the output of the inverter bridge with the same angle as the network grid 
voltage, which in this case is the PCC voltage, and in this way the voltage generated 
can overcome the effect of the voltage drop and phase shift caused by the inductive 
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reactance of the LCL filter. Many techniques have been described in the literature such 
as the phase locked loop technique PLL [140],  zero-crossing detection [141], 
frequency locked loop [142], recursive weighted least-square [143] and discrete 
Fourier transform techniques [144].  
In this research, a power PLL-based (pPLL) algorithm is selected due to its robust 
performance and ease of implementation. It is a closed-loop feedback control system 
which synchronises the output current from the inverter bridge in frequency as well as 
in phase with the grid voltage. A schematic diagram of the power PLL is depicted in 
Fig 6-7 which, as can be seen, shows that the algorithm is composed of three main 
parts: the phase detector (PD), loop filter (LF) and voltage control oscillator (VCO). 
For the PD, the pPLL uses a sinusoidal multiplier along with a low-pass filter to 
emulate an active power calculation unit 𝑃.  
 
 
 
Figure 6-7 Closed-loop feedback control of single-phase pPLL 
 
The friction power resulting from the sinusoidal multiplier is given in equation 6.1: 
 
 𝑃 = 𝑣𝑖𝑖𝑠 = 𝑉 cos 𝜃  sin ?̂? (6.1) 
 
Rearranging equation 6.1 by applying the product-to-sum trigonometric function, 
yields: 
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 𝑃 =
𝑉
2
 sin(?̂? − 𝜃) +
𝑉
2
 sin(?̂? + 𝜃) (6.2) 
 
 
 If the mean 𝑃 is equal to zero, then the fictitious current, 𝑖𝑠 will go in the quadrature 
position with respect to the input voltage 𝑣𝑖. In this satiation, the real value of (θ), and 
the estimated value (𝜃) of the voltage angle will be equalized. If the mean 𝑃 was not 
zero, than it will be controlled by the PI controller to be zero. The next step in the VCO 
is to add the output from the PI controller to the nominal value of the grid angular 
frequency (ωff), which yields the grid angular frequency (?̂?). Finally, the grid voltage 
angle can be extracted by integrating the obtained grid angular frequency 
In the practical work, the pPLL algorithm was implemented in the control algorithm 
within the CCS and executed in the DSP. The PI controller parameters are set to 100 
and 40 for the proportional and integral gains respectively. The experimental result of 
the grid current and voltage synchronisation is shown in Fig (6-8). 
  
 
 
Figure 6-8 Injected grid current in phase with the grid voltage 
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6.8 Protection circuit of the practical system 
For optimal operation and security, the test rig is provided with a protection circuit as 
shown in Fig 6-9. The system is enclosed in a cage and earthed to prevent any 
accidental contact while the test is running. The cage is equipped with an emergency 
stop button to isolate the system in case of emergency. In addition, the safety cage is 
equipped with a start-stop button via a contractor for the safe operation of the DC 
power supply. The cage itself is provided with four micro-switches for system isolation 
in case the cage is opened. Other metal enclosures which contain the isolation 
transformer and variac are earthed to prevent any possible contact with a live terminal. 
Finally, to prevent any possible electrical shock, all measurement instruments are 
connected before any voltage or current is applied. 
 
 
 
Figure 6-9. Test rig protection circuit  
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6.9 Chapter summary 
This chapter has presented the experimental set-up of the single-phase grid-connected 
PV inverter system. The design processes have been developed within the electrical 
power laboratory at Newcastle University. The experimental hardware, including the 
peripheral components were also described. A description of the control scheme 
implementation, including unity power factor control along with the proposed adaptive 
PR controller have been presented. Finally, the chapter has ended with a description 
of the test rig protection circuit and system isolation. 
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CHAPTER 7  
Experimental and practical results 
7.1 Introduction 
This chapter provides the experimental results obtained from the test rig of a single-
phase grid connected inverter. The first part of the chapter presents investigations on 
the effect of grid impedance variation on power quality. In particular, the THDs of grid 
currents (Ig) and PCC voltages (VPCC) are recorder under wide range of grid 
impedance variation. The change in grid inductance is selected to be in the range of 
between 0.1 and 0.8mH as the IEC 62727 standard shows that the maximum grid 
inductance for a single-phase wire is 0.879mH. PI and PR controller are implemented 
for the control of the injected grid current. The second part of this chapter present a 
novel techniques for estimating the grid inductance. It includes the practical 
implementation of a digital band-pass filter along with a statistical signal processing 
techniques for predicting the change in grid inductance. In order to ease the impact of 
grid impedance variation, an adaptive control scheme based on PR controller is 
presented and compared with the conventional PR controller.      
7.2 Operation of practical grid-connected inverter systems with control 
implementation 
The functionality of the experimental single-phase grid inverter system is confirmed 
by its operation. The obtained measurements and waveforms of currents and voltages 
showed a smooth operation. The power quality of grid current and PCC voltage is 
investigated via an FFT analysis. Figure 7-1 shows the unipolar PWM for a switching 
frequency of 20 kHz which used throughout the practical work. In order to operate the 
system at unity power factor, the grid information is required to synchronise the grid 
current with the grid voltage. To accomplish this, the grid synchronisation PPLL 
algorithm has been employed due to its fast response. The experimental results of grid 
synchronisation which are shown in Figure 7-2 illustrate that the grid current is 
synchronised with the grid voltage. 
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Figure 7-1 Unipolar PWM 
 
 
 
Figure 7-2 Grid synchronisation 
 
7.3 Experimental results with PI controller 
Proportional integral PI controller is implemented in order to control the current 
produced by the inverter before being injected into the grid. The controller gains are 
carefully tuned as 0.11 and 0.039 for Kp and Ki respectively for a demanded current 
set to 3Amp. Three waveforms can reflect the performance of the system; the voltage 
waveform at the PCC (VPCC), the grid current waveforms (Lg) which has to be in phase 
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with respect to the grid voltage and the output voltage waveform from the inverter. 
Figure 7-3 shows the three mentioned waveforms at unity power factor. It can be 
noticed from the figure that the output voltage from the inverter is represented by the 
50V unipolar PWM voltage pulses with the same polarity as the grid current for both 
sequences.  
 
 
Figure 7-3 System operation with PI controller 
 
7.3.1  Performance of THD% under grid inductance variation with PI controller 
One of the most important power quality index for grid-connected PV system is the 
current distortion level. These distortion levels has to be kept under the limits specified 
by local and international standards to avoid adverse effects on equipment that 
connected to the grid. In order to investigate the effect of grid inductance variation on 
the harmonic performance of grid current and PCC voltage, FFT analysis has been 
carried out to grid current and PCC voltage waveforms using Matlab/Simulink. These 
waveforms are transmitted from the microprocessor in the GCB to Matlab workspace 
by the GUI.     
The experimental VSI system was interfaced to the utility grid via a tapped inductance 
in the range of from 0.1 to 0.8 mH which emulates the grid inductance. This range of 
inductances is selected because they are given by the standard of IEC 60725 as the 
typical inductances of the distribution grid. The emulated grid inductor was inserted 
between the LCL filter and the variac. Since the current and voltage measurements are 
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taken before the additional grid inductance, then from the output of the VSI this 
inductance is seen as a part of the grid and is decoupled from the LCL filter. The 
harmonic profile of the grid current and the PCC voltage at different values of grid 
inductance during the experimental work are shown in Figure 7-4 and Figure 7-5 
respectively.  
 
 
Figure 7-4 Effect of Grid inductance variation on THD of grid current with PI controller, 
KP=0.11 and Ki=0.039 
 
 
 
Figure 7-5 Effect of Grid inductance variation on THD of PCC voltage with PI controller, 
KP=0.11 and Ki=0.039 
 
As can be seen from the figures, the frequency spectrum of the grid current with the 
lowest THD is recorded in the case of the smallest grid inductance (0.1mH) with 
3.87%, once this inductance increases the THD of grid current significantly increases. 
The frequency spectrum also shows that THD of grid current has jumped by more than 
1% when the grid inductance has been changed from 0.3mH to 0.5mH and the same 
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incremental percentage for the change from 0.5mH to 0.8 mH. It is also can be noticed 
that in the case of 0.1mH all harmonic orders have a magnitude less than 1.5% apart 
from the 7th harmonic order which was 1.24% however they all haven’t exceeded the 
limits of current harmonic distortion for odd harmonics that are specified by standards 
such as IEEE 929 and IEC 61727. In the other cases of grid inductances 0.3mH, 0.5mH 
and 0.8mH these standards have been exceeded at the 17th harmonic order where all 
magnitudes were more than 1.5% (The limit for odd harmonic is < 2%). Although such 
distortion is not significant in the first three inductances it can still reduce the power 
quality of the injected current. The highest level of THD was recorded in the case of 
0.8mH with 5.52% which is not acceptable by the mentioned IEEE and ICE standard 
which requires that the THD of the injected grid current must be less than 5% for PV 
grid-connected system as depicted in the harmonic current distortion limits given in 
table 10. 
 
Table 10 Harmonic current distortion limits of PV systems 
Standard Number IEC 61727 IEEE929 
 
Odd Harmonic            3 ≤ ℎ ≤ 9 
                                   11≤ ℎ ≤ 15 
                                  17 ≤ ℎ ≤ 21 
                                  23 ≤ ℎ ≤ 33 
 
< 4.0% 
< 1.5% 
< 4.0% 
< 0.6% 
 
 
< 4.0% 
< 2.0% 
< 1.5% 
< 0.6% 
 
Even Harmonic           2 ≤ ℎ ≤ 8 
                                    2 ≤ ℎ ≤ 8 
< 1.0% 
< 0.5% 
Less than 25% of the odd 
harmonics limits 
Total Harmonic Distortion THD < 5% < 5% 
 
 
Figure 7-5 shows that the harmonic profile of the voltage signal at the PCC for all 
harmonics order between the DC and the 20th order. It is obvious from the figure that 
the THD of PCC voltage has also increased by the increase in the grid inductance but 
the incremental rate was not as significant as that of grid current. The THD of PCC 
voltage with a grid inductance of 0.1mH was 3.43% and then start to rise gradually 
affected by the increase of grid inductance to reach 4.36% for a grid inductance of 
0.8mH. In addition, with a close look at both figures it can be observed that the 
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magnitude of the grid current harmonics are proportional to the magnitude of PCC 
voltage harmonics, for instance, the magnitudes of the 7th, 11th, 13th, 15th and 17th 
harmonic orders of the grid current have a similar incremental rate as their 
corresponding 7th, 11th, 13th, 15th and 17th harmonic orders of the PCC voltage. This is 
can be linked to the change in the magnitude of voltage at the output of the inverter. 
 Figure7-6 shows the relationship between the grid inductance variation and THD of 
grid current and PCC voltage. According to this figure, the THD of grid current has 
increased with the increase of grid inductances while the THD of PCC voltage  
 
 
 
Figure 7-6 Variation of current and PCC voltage THD with varied Lg under PI controller 
 
 
7.4 Experimental results with PR controller 
Proportional resonance PR controller has been also implemented for the regulation of 
the grid current during the experimental work. Since the tracked signal is a sinusoidal 
then the PR controller is more suitable than the PI controller in terms of eliminating 
the steady state error and rejecting the disturbances. During the practical experiment 
the parameters of the PR controller were carefully selected as KP=0.129, KR=106, ωc= 
5 rad/sec for the same current demand as that of PI controller. Figure 7-7 shows three 
waveforms; the voltage waveform at the PCC (VPCC), the grid current waveforms (Lg) 
and the output voltage waveform from the inverter. These waveforms represent the 
operational performance of the experimental single-phase grid connected inverter. It 
can be noticed from the figure that the system is working at unity power factor as the 
grid current is in phase with respect to the grid voltage. However, the experimental 
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current waveform has more distortion levels compared with the current waveform 
which was obtained in the simulation results. This is because of the non-ideal 
characteristics of the practical VSI.   
 
 
 
Figure 7-7 System operation with PR controller 
 
7.4.1 Performance of THD% under grid inductance variation with PR controller 
The investigation on the impact that the variation of grid inductance has on the power 
quality of the injected grid current and PCC voltage with PR controller has been carried 
out with the same way as that of PI controller in section 7-4-2. By applying the FFT 
analysis, the harmonic profile of the grid current and the PCC voltage at different 
values of grid inductance during the experimental work are shown in Figure 7-8 and 
Figure 7-9 respectively.  
 
Chapter 7                             Practical Implementation of APR Controller 
106 
 
Figure 7-8 Effect of Grid inductance variation on THD of grid current with PR controller, 
KP=0.129, KR=106, and 𝝎𝒄=5 rad/sec 
 
 
 
Figure 7-9 Effect of Grid inductance variation on THD of PCC voltage with PR controller, 
KP=0.129, KR=106, and ωc=5 rad/sec 
 
It is obvious form both figures that the harmonic performance of grid current and PCC 
voltage is similar to the harmonic profile when the grid current was controlled with 
the PI controller in which the grid inductance variation has influenced the THD of both 
waveforms. In particular, the THD of grid current has increased from 3.77% for a grid 
inductance of 0.1mH to 5.69% when the grid inductance has been changed to 0.8mh. 
Under the same conditions, the THD of PCC voltage has also increased  
Figure7-10 shows the relationship between the grid inductance variation and THD of 
grid current and PCC voltage. According to this figure, the THD of grid current has 
increased sharply with the increase of grid inductances while the THD of PCC voltage 
has experienced a gradual increase.    
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Figure 7-10 Variation of current and PCC voltage THD with varied Lg under PR controller 
 
A comparison between the PI controller and PR controller in terms of THD 
performance of grid current and PCC voltage with varied grid inductance are given in 
Figure 7-12. Both controller meet the standard requirement given earlier in table10 for 
inductance values less than 0.5mH. However, the standard has been exceeded when 
the grid inductance is 0.8mH. The performance of PR controller is found to better than 
that of PI controller for all the examined inductances apart from the case of 0.8mH 
where the THD of grid current was slightly bigger than that of the PI controller. This 
can be alleviated by proper tuning of the controller parameters or adding the harmonic 
compensation to the structure of the PR controller.    
 
 
 
Figure 7-11 comparison of THD performance of grid current and PCC voltage between PI and 
PR controllers with varied grid inductance 
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7.4.1 Effect of changing the controller gains on THD performance. 
The tuning of controller parameters during the simulation work has been achieved by 
partial swarm optimisation algorithms as described in chapter four. The computational 
time of this algorithm is quite long which make it difficult to be implemented on line 
during the practical experiment. Nevertheless, the algorithm is found to be useful to 
give the range of controller parameters, by knowing this, the gains were easier to be 
determined. Herein, the effect of changing the proportional gain on the harmonic 
performance for both controller techniques are investigated. The grid inductance 
between the grid and the VSI is set to 0.1mH, and the THD of grid current is obtained 
for possible maximum and minimum value of KP. In the case of PR controller was 
varied from 0.04 to 0.14 which was the maximum value for the system to be controlled. 
Beyond this value the system was unstable at KP=0.16. While in the case of PI 
controller KP was varied from 0.02 to 0.15 and at 0.16 the system was unstable. The 
variation in THD of grid current under both control schemes with varied KP is given 
in Figures 7-12 for the PI controller and 7-13 for the PR controller. 
 
 
Figure 7-12 Variation of THD of grid current with KP under PI controller 
 
 
Figure 7-13 Variation of THD of grid current with KP under PR controllers 
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As can be seen from both figures, changing the values of KP has a direct impact on 
the harmonic performance of grid current. The lowest achievable level of grid current 
THD is 3.87% with KP=0.1 in the case of PI controller, while with PR controller the 
lowest THD was 3.77 with KP=0.12. In addition, the figures show that the harmonic 
performance of grid current with PR controller is better that that of PI controller due 
to poor action associated with the integral part of PI controller. It is worth mentioning 
out that when the value of KP exceeds the maximum or the minimum of the plotted 
values the THD of the grid current exceeds the standard requirement and the system 
moves toward instability as illustrated in figure 7-14 and 7-15.  
 
 
 
 
Figure 7-14 grid current and PCC voltage waveforms with KP=0.17, PI controller 
 
 
 
 
Figure 7-15 grid current and PCC voltage waveforms with KP=0.189, PR controller 
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According to the experimental results which obtained from investigating the effect of 
grid inductance variation and the effect of varying the proportional gain, it can be 
concluded that, the THD of grid current can be reduced by reducing the effect of grid 
inductance variation in the one hand, and by proper tuning of the controller gain on 
the other hand. From this prospective, the next section presents a simple and effective 
grid impedance estimation technique which can provide the controller by an estimated 
and readable grid inductance. Based on this estimated value the controller can adapt 
itself to the change in grid impedance by retuning its parameters.  
7.5 Practical implementation of adaptive PR controller 
Practical implementation of the proposed adaptive scheme of digital PR controller is 
presented in this section in order to validate the simulation results given earlier in 
chapter four. The adaptive scheme is based on a grid impedance estimation method 
that utilizes a high-order band-pass filter and a chain of statistical signal processing 
techniques in order to provide the controller with the information of grid inductance 
variation. The design process of the digital band-pass filter in the practical experiment 
is the same as that of the simulation work apart from the determination of resonance 
frequency range. During the simulation work the region of the system’s resonance 
frequency was based only on the reactive components of the LCL filter and FFT 
analysis for the voltage signal at the PCC. Unfortunately, this can’t be the case in 
practical as the overall grid impedance is not negligible due to the existed isolation 
transformer impedance and the variac impedance.  
 
7.5.1 Estimation of grid inductance variation 
As the grid inductance can be considered as part of the LCL filter, the change in their 
values will results in changes in the resonance frequency of the LCL filter. Based on 
this fact, the resonance frequency is a beneficial information for estimating the value 
of grid inductance. The method proposed in this research is to exploit the resonance 
frequency in order to detect the change in grid inductance and thus used in optimising 
the current controller operation. It employs a high-order digital band-pass filter to 
extract the harmonic components around the resonance frequency from the voltage 
waveform at the PCC. To accomplish this, the knowledge of the resonance frequency 
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range is essential in order to design the bandwidth of the digital filter. It is possible to 
excite the resonance of the LCL filter by slightly increasing the proportional gain of 
the current controller to the point where the closed-loop reach the border of the stability 
region. During the practical experiment the proportional gain has been carefully 
increased by a step of 10% up to the value in which the system become unstable. The 
instability operation was kept for 0.2 second in order to ensure the needed resolution 
which required for the FFT analysis. Figure 7-12 shows the experiment result of 
resonance excitation, (a) near the border of the stability region and (b) at the border of 
the stability region.    
 
  
 
(a) 
 
(b) 
Figure 7-16 Resonance excitation of the system, (a) near the border of the stability region, (b) 
beyond the border of stability region  
(I demand=3A, VDC=60V, Vac=20V, and KP=0.189) 
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Based on the fact that the resonance frequency is changing whenever grid inductance 
changes, and the considered variation of grid inductance is in the range of between 
0.1mH to 0.8mH thus, a practical experiment has been carried out for two values of 
grid inductance 0.1mH, and 0.8mH in order to determine the exact bandwidth of the 
required band-pass filter. By carrying out the FFT analysis to the highly distorted 
signal of the grid current, the resonance frequency was experimentally determined. 
The harmonic performance of the measured grid current in the case of Lg equal to 
0.1mH and 0.8mH are shown in Figures 7-17 and 7-18 respectively. As can be seen 
from the figure, the resonance frequency is equal to 2600Hz in the case of 0.1mH, 
while with 0.8mH of grid inductance to resonance frequency is equal to 2150Hz.    
 
 
 
Figure 7-17 harmonic performance of measured grid current in the case of 0.1mH 
 
 
 
Figure 7-18 harmonic performance of measured grid current in the case of 0.8mH 
 
In addition, the frequency spectrum clearly shows how the resonance frequency peak 
changed its position following the change in grid inductance. With the knowledge of 
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the variation range of resonance frequency, the task of designing the band-pass filter 
with an accurate pass band is remarkably achievable. 
7.5.2 Digital band-pass filter for resonance extraction 
The design process of the digital band-pass filter in the practical experiment is similar 
to that followed during the simulation work. However, the bandwidth of the filter has 
been slightly expanded to take into account the nominal value of grid inductance which 
include also the variac and isolation transformer. A Matlab code has been developed 
in order to determine the parameters of the analogue 4th order Sallen-Key band-pass 
filter as provided in Appendix7. The specifications of the filter are given in table11. 
  
Table 11 Specification of band-pass filter 
Specification of Band-pass filter 
Order 4th 
Passband gain 25dB 
Centre frequency 2.2kHz 
Bandwidth 1kHz 
 
 
The obtained transfer functions of the band-pass filter in the s- and z-domain are given 
in equation 7.1 and 7.2 respectively. While the corresponding bode diagram is shown 
in Figure 7-19. 
 
 
 G(s) = 
1.301s2
s4+1.999e4s3+4.624e8s3+2.341e12s2+3.812e16
 (7.1) 
 
 𝐺(𝑧)= 
1.218𝑧3−1.4360.781𝑧+0.999
𝑧4−2.617𝑧3−3.155𝑧2−1.924𝑧+0.5491
 (7.2) 
 
 
As can be observed from the bode diagram of the band-pass filter, the passband gain 
at the centre frequency is magnified to 25dB and thus all harmonic components around 
the resonance frequency which are typically small in magnitudes will easily captured. 
While the fundamental frequency is attenuated to -50dB which is corresponded to 
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0.0032V/V. In addition, the Bode diagram shows a good match in the frequency 
domain between the discrete and contentious transfer functions of the band-pass filter. 
The input signal to the digital band-pass filter is the voltage signal at the PCC. The 
output signal from band pass filter has been captured and analysed by FFT analysis in 
Matlab in order to assess the filter performance and the filter ability to filter out only 
the harmonic components within the interested range.  
 
 
Figure 7-19 Frequency response of Band-pass filter 
 
 In the practical experiment the measured data which sensed by the measurement 
sensors in the GCB are digitally collected by data storage registers. These real data are 
transmitted from the microprocessor to the Matlab workspace through the general user 
interface GUI. Once these data are available in Matlab workspace, FFT analysis can 
be conducted to all measurement such as input and output signals of the digital band-
pass filter. It has been demonstrated earlier in section 7.4.1 that the level of harmonic 
distortions observed on the voltage signal at the PCC is increasing as the grid 
inductance increase due to the resonance excitation. In addition, the results presented 
early in section 7.5.1 showed that the position of the resonance frequency changes 
according to the change in grid inductance therefor, the designed band-pass filter 
should be assessed in terms of filtering effect  and resonance detection at different 
values of grid inductances.  Figures 7-20 and 7-21 show the results of the performance 
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of the digital filter and the FFT analysis to the output voltages signals at 0.3mH and 
0.8mH of grid inductance respectively. 
   
 
(a) 
 
(b) 
 
Figure 7-20  (a) Output voltage signal from the digital band-pass filter, (b) FFT analysis of the 
output voltage signal from the digital band-pass filter at 0.3mH of grid inductance 
 
 
(a) 
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(b) 
Figure 7-21 (a) Output voltage signal from the digital band-pass filter, (b) FFT analysis of the 
output voltage signal from the digital band-pass filter at 0.8mH of grid inductance 
 
As it can be seen from both figures, the designed digital band-pass filter was able to 
filter out the harmonic components in the form of an oscillation signal within the 
selected pass-band of the digital filter which in the range of 30th and 59th harmonics as 
shown in Figures 7-20.(a) and 7-21.(a). Although the output voltage signals from the 
digital filter under both cases of grid inductance have similar shapes, however, the FFT 
analysis to the filter output signal in both cases of grid inductance shows a significant 
difference, for instance, the level of THD in the filter output signal with 0.8mH was 
almost four times higher than that in the case of 0.3mH of grid inductance, this can be 
clearly noticed from Figures 7-20. (b) and 7-21. (b). these finding results confirm that 
the higher the grid inductance the more distortion presents in the PCC voltage. In 
addition, the finding results confirm that the designed digital band-pass filter has 
magnified the magnitudes of the harmonic components within the selected bandwidth 
due to the selected high pass-band gain.  
7.6 Design and operation of the adaptive PR APR controller 
In order to reduce the effect of grid inductance variation on the harmonic performance 
of grid current and PCC voltage the PR controller has to be robust against this 
variation. To accomplish this task, the PR controller needs the information of change 
in grid inductances in order to retune its parameters according to this change. As 
demonstrated in section 7-5-2 the digital band-pass filter is able to detect the resonance 
frequency resulted from the change in grid inductance and hence the controller can be 
adapted to these variation if the information provided by the digital filter were 
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readable. However the information provided by the digital filter are in the shape of an 
oscillating signal as shown in Figures 7-23. (a), and 7-24. (a), which cannot be directly 
recognised by the current controller. To exploit these information in a beneficial way, 
a chain of statistical signal processing techniques are employed in the current control 
loop to provide the PR controller with the information of grid inductance variation. By 
using this simple techniques, the current controller will not be overwhelmed by 
undesired complex calculation that associated with other techniques such as FFT 
function. As it has been deeply explained in chapter five, the signal processing 
techniques consists of the following analysis: signal rectification, integration and the 
averaging of the integrated signal obtained from the digital band-pass filter. The 
schematic diagram of the proposed adaptive technique of APR controller is depicted 
in Figure 7-22. The variation of grid inductance is determined through the filtering 
operation and the signal processing chain. The average value obtained from the 
processing chain is received by a pre-built look-up table which consists of the best 
values of the controller’s gains and their corresponding values of average signals.  
 
 
 
Figure 7-22 Adaptive techniques of PR controller 
 
7.7 Experimental results of filtering operation and signal processing 
The digital implementation of the filtering and the signal processing operations has 
been accomplished by a written c-code within the control platform. The related 
experimental results are shown in Figures 7-23 and 7-24 for grid inductance of 0.3mH 
and 0.8mH respectively. As shown in Figure 7-23.a and 7-24.a, the digital band-pass 
filter has filtered out only the harmonic components around the resonance frequency 
within the designed pass-band. The output signal from the digital filter is oscillating 
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along the vertical axis, thus rectification is applied to overcome the negative part of 
the oscillating signal. The next step in the signal processing is integrating the rectified 
signal at every control cycle as shown in Figure 7-23.c and 7-24.c.  
 
(a) 
 
(b) 
 
(c) 
 
(d) 
 
Figure 7-23 Filtering and signal processing operation of PCC voltage at 0.3mH of grid 
inductance 
 
It can be noticed that the maximum points of the integrated signal in the case of 0.8mH 
of grid inductance which shown in Figure 7-23.c, are bigger than the corresponding 
points in the case of 0.3mH of grid inductance. This is because that the oscillation 
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presents in the PCC voltage signal has a proportional relationship with grid inductance. 
Moreover, the figures of integrated signals show inconsistency in regards to the 
maximum points. For this reason the average of the last ten cycles of the integrated 
signal is calculated and then used in the look-up table. The average of the integrated 
signal in the case of 0.3mH and 0.8mH of grid inductances are shown in Figures 7-
23.d, and 7-24.d, respectively. 
 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
 
Figure 7-24 Filtering and signal processing operation of PCC voltage at 0.8mH of grid 
inductance  
Chapter 7                             Practical Implementation of APR Controller 
120 
7.8  Mathematical representation of filtering and processing operation 
The operation of band-pass filtering and signal processing have been accomplished 
within the c-code as expressed in the following equations: 
 
 𝐹𝑖𝑙𝑡𝑒𝑟 𝑖𝑛𝑝𝑢𝑡 = 𝑉𝑃𝐶𝐶 = 𝑢(𝑛) 7.3 
 
 
𝐹𝑖𝑙𝑡𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡 = 𝑏1 ∗ 𝐵1 − 𝑏2 ∗ 𝐵2 + 𝑏3 ∗ 𝐵3 + 𝑏4 ∗ 𝐵4 + 𝑎1 ∗ 𝐴1 − 𝑎2 ∗ 𝐴2 + 𝑎3 ∗ 𝐴3
− 𝑎4 ∗ 𝐴4 = 𝑢(𝑛) 
(7.4) 
 
Where b1, b2, b3 and b4 are the coefficients of the numerator of the transfer function of 
the digital band-pass filter in z-domain which is given earlier in equation 7.2, while a1, 
a2, a3, and a4 are the coefficients of the denominator of the mentioned transfer function.  
  
Storing the previous states as follow: 
 
 𝐵4 = 𝐵3 (7.5) 
 𝐵3 = 𝐵2 (7.6) 
 𝐵2 = 𝐵1 (7.7) 
 𝐵1 = 𝐹𝑖𝑙𝑡𝑒𝑟 𝑖𝑛𝑝𝑢𝑡 = 𝑢(𝑛) (7.8) 
 
 𝐴4 = 𝐴3 (7.9) 
 𝐴3 = 𝐴2 (7.10) 
 𝐴2 = 𝐴1 (7.11) 
 𝐴1 = 𝐹𝑖𝑙𝑡𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡 = 𝑦(𝑛) (7.12) 
 
𝑦(𝑛) is the oscillating output signal from the digital band-pass filter. The followed step 
is to rectify this signal as given in equation 7.14. 
 
 𝑅𝑒𝑐𝑡𝑖𝑓𝑖𝑒𝑑 𝑜𝑢𝑡𝑝𝑢𝑡 = 𝑎𝑏𝑠(𝐹𝑖𝑙𝑡𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡) (7.14) 
 
The next step in the signal processing is the integration of the rectified signal which is 
achieved as follow 
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 𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑜𝑢𝑡𝑝𝑢𝑡 = 𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑜𝑢𝑡𝑝𝑢𝑡 + 𝑅𝑒𝑐𝑡𝑖𝑓𝑖𝑒𝑑 𝑜𝑢𝑡𝑝𝑢𝑡 (7.15) 
 
 𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑒𝑟 = 𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑒𝑟 + 𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑜𝑢𝑡𝑝𝑢𝑡 (7.16) 
 
The accumulate is reset to zero at the end of the control cycle  
 
 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑜𝑢𝑡𝑝𝑢𝑡 = 𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑒𝑟 𝑂𝑛𝑒 𝑐𝑦𝑐𝑙𝑒⁄  (7.17) 
 
 𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑒𝑟 𝑐𝑜𝑢𝑛𝑡𝑒𝑟 10 𝑝𝑜𝑖𝑛𝑡𝑠
= 𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑒𝑟 𝑐𝑜𝑢𝑛𝑡𝑒𝑟 10 𝑝𝑜𝑖𝑛𝑡𝑠 + 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑜𝑢𝑡𝑝𝑢𝑡 
(7.18) 
 
 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑜𝑢𝑡𝑝𝑢𝑡 10 𝑝𝑜𝑖𝑛𝑡𝑠 = 𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑒𝑟 𝑐𝑜𝑢𝑛𝑡𝑒𝑟 10 𝑝𝑜𝑖𝑛𝑡𝑠 10 ⁄  (7.19) 
 
The average of the ten cycle reflects the variation of the grid inductance which used to 
build the look-up table  
7.8.1 Building of look-up table 
The look-up table consists of the best values of the PR controller parameters KP and 
KR and the corresponding value of the grid inductance. During the practical 
experiment, the emulated grid inductance was varied from 0.1mH to 0.8mH of grid 
inductance and the controller gains were carefully tuned for every case until the lowest 
THD is guaranteed. The performance of the THD is observed online throughout the 
power analyser and then the measured dada was transmitted to the Matlab for further 
analysis with the FFT function. The best gains values obtained experimentally are 
given in Table 12.      
 
Table 12 Look-up table data for the APR controller 
Lg(mH) Average output 10 points KP KR 𝝎𝒄 
0.3 611 0.11 98 5 
0.5 714 0.091 82 5 
0.8 804 0.082 75 5 
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7.8.2 Performance of APR against PR controller 
To assess the performance of the adaptive PR (APR) controller in terms of harmonic 
performance improvement, FFT analysis have been carried out to the grid current and 
PCC voltage for three cases of grid inductances and the results obtained are compared 
to that of the fixed gains PR controller. 
 
 With Lg=0.3mH 
 From the previous results in section 7-4-1, the harmonic performance of the grid 
current and PCC voltage in the case 0.3mH of grid inductance with fixed gains PR 
controller shows that the THD of grid current and PCC voltage are 3.84% and 3.465 
respectively. The controller gains are reduced from 0.129 of KP and 106 of KR to 0.11 
of KP and 89 of KR when the grid inductance increased from 0.1mH to 0.3mH.  The 
APR controller responded to this increase by reducing its parameters according to the 
change in grid inductance. The harmonic profile of grid current and PCC voltage when 
the APR controller is implemented is shown in Figures 7-25.  
 
 
(a) Harmonic profile of grid current at 0.3mH with APR controller 
 
(b)Harmonic profile of PCC voltage at 0.3mH with APR controller 
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Figure 7-25 Harmonic profile of grid current and PCC voltage at 0.3mH with 
APR controller (KP=0.11, KR=98) 
 
 With Lg=0.5mH 
The harmonic performance of grid current and PCC voltage in the case of 0.5mH of 
grid inductance is shown in Figure 7-26. The THD of grid current is significantly 
reduced. This because the APR controller detect the change in grid inductance and 
changes its parameters accordingly. The THD of grid current is reduced from 3.90% 
to 3.60% while the THD of PCC voltage increased to 3.84 %. As can be noticed, the 
THD of PCC voltage in the case of APR controller is larger than that of the PR 
controller, this the lowest level that can be obtained with the selected value of KP and 
KR. These values are selected as they provide the lowest level of grid current distortion.  
  
 
(a) Harmonic profile of grid current at 0.5mH with APR controller 
 
 
(b) Harmonic profile of PCC voltage at 0.5mH with APR controller 
 
Figure 7-26 Harmonic profile of grid current and PCC voltage at 0.5mH with APR controller 
(KP=0.091, KR=82) 
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 With Lg=0.8mH 
The harmonic performance of grid current and PCC voltage in the case of 0.5mH of 
grid inductance is shown in Figure 7-26. The THD of grid current and PCC voltage 
are significantly reduced. The THD of grid current with APR controller is 3.91% 
compared to 5.52% with the classical PR controller. While the THD of PCC voltage 
is also reduced from 4.36% with PR controller to 4.22% with the APR controller. 
 
 
(a) Harmonic profile of grid current at 0.8mH with APR controller 
 
(b) Harmonic profile of PCC voltage at 0.8mH with APR controller 
 
Figure 7-27 Harmonic profile of grid current and PCC voltage at 0.8mH with APR controller 
(KP=0.081, KR=75) 
 
Table 13 THD comparison of grid current between PI, PR and APR controllers 
Lg(mH) THD%_Ig (PI controller) THD%_Ig (PR Controller) THD%_Ig (APR controller) 
0.3 4.27 3.84 3.50 
0.5 4.55 3.90 3.60 
0.8 5.52 5.69 3.91 
 
Chapter 7                             Practical Implementation of APR Controller 
125 
Table 14 THD comparison of PCC voltage between PI, PR and APR controllers 
Lg(mH) THD%_V (PI controller) THD%_V (PR Controller) THD%_V (APR controller) 
0.3 3.42 3.46 3.80 
0.5 3.63 3.67 3.84 
0.8 4.36 4.00 4.22 
 
A comparison of harmonic performance of grid current and PCC voltage between PI, 
PR and APR controllers are presented in table13 and table 14 respectively. According 
to the data provided in table 13, the THD of grid current were significantly reduced 
when the APR controller is used. While the THD of PCC voltage in the case of APR 
was larger than that of the PI and PR controller as shown in table 14. However, the 
THD of PCC voltage was reduced again when higher value of grid inductance is 
presented in the system. 
7.9 Chapter summary 
This chapter presents the experimental results of the control of a single-phase grid 
connected inverter. A comparison between the PI and the PR controllers is presented. 
In addition, the effect of grid inductance variation on the harmonic performance of 
grid current and PCC voltage is provided. The experimental results shows that the PR 
controller has a better performance of that of the PI controller in terms of harmonic 
distortion. Moreover, it has been shown that the increase in grid inductance can affect 
the power quality of the system. For this reason, a grid inductance estimation technique 
based on resonance detection is presented. The estimated grid inductance is utilized to 
adapt the PR controller to this change. Experimental results that the harmonic 
performance of  grid current and PCC voltage is improved with the implementation of 
the APR controller.  
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Thesis Conclusion and Future Work 
 
The final chapter of the thesis provides the main drown conclusion and suggests some 
recommendation for future work. 
7.1 Thesis conclusion 
Photovoltaic PV systems have shown significant growth in recent years driven by the 
increasing efficiency and reductions in the cost of PV modules. Today, distribution 
generation based PV systems have a major contribution to the total electricity 
production worldwide. However, in grid-connected PV systems, the control part is an 
important factor to be considered when they are connected to the distribution network. 
In general, the control part is accomplish by a closed-loop current control system in 
order to inject a sinusoidal current into the utility grid. The quality of this current has 
to comply with certain stringent standard such as IEEE 1547 and IEC60725 which 
dictate specific grid requirements.  
This thesis focuses on improving the power quality of the grid current in single-phase 
grid-connected PV inverter systems. In particular it concerns about improving the 
harmonic performance of grid current under the variation of grid operating conditions.  
A single-phase grid-connected inverter has been firstly modelled based on the 
mathematical representation of its components and then developed into a robust 
simulation model in MATLAB/Simulink environment. For the control part, the 
proportional resonant PR controller has been employed in order to regulate the 
produced current. 
 The first part of the thesis presents an investigation on the effect of grid operating 
condition on the harmonic performance of the grid current and voltage at the point of 
common coupling. These investigations include the effect of three main conditions: 
grid voltage distortion, grid impedance variation and grid frequency deviation. In 
regards to the background grid voltage distortion, the harmonic profile of the simulated 
grid voltage has been generated from a real experimental data of grid voltage. The 
finding results confirms that the change in the harmonic magnitudes of the background 
grid voltage has a significant impact on the corresponding harmonic magnitudes of the 
grid current. To assess the sensitivity towards deviations in the background grid 
frequency, the simulated VSI was subjected to a frequency shift of ± 1Hz of the 
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fundamental component (50 Hz). The obtained results showed that the power quality 
was negatively affected in terms of THD% and DC injection. Furthermore, the grid 
current THD% and the PCC voltage THD% are both influenced by the ±1 Hz 
deviation. For example, the THD% of the grid current increases from 3.19% at a grid 
frequency of 50Hz to 4.18% for a grid frequency of 50.4Hz. The impact was even 
more significant when the grid frequency was manually set to 51 Hz, where the THD% 
is found to exceed IEEE1547 standards which was also the scenario for the THD% of 
PPC voltage. The effects of grid impedance variation on the system performance has 
been studied for a wide range of grid inductances. Since the LCL filter is interfacing 
between the voltage source inverter and the grid impedance so their impedances will 
be coupled leading to changes in the position of the resonance frequency. It has been 
shown that the higher the grid inductances the lower is the resonance frequency. This 
can lead to a serious stability problems especially with the profanation of such systems. 
It has also been demonstrated that the grid impedance variation causes a voltage and 
current distortion therefor the online information of grid impedance is essential to 
avoid instability. Accordingly, chapter five presents a simulation results of a novel 
technique to design an adaptive PR controller taking into account the change in grid 
inductance values. The proposed technique utilize the resonance frequency to predict 
the change of grid inductance. A fourth-order digital band-pass filter combined with 
chain of statistical signal processing are employed to feed the PR controller with grid 
impedance information and thus retuning the controller gains. The obtained simulation 
results showed that the proposed controller was able to detect the grid impedance 
variation and accordingly adapts itself to this change resulting in lower levels of 
current total harmonic distortion. 
In order to practically validate the simulation results, the other part of this thesis 
(chapters six and seven) presents the test-rig preparation of an experimental single-
phase grid-connected inverter. It has been experimentally proven that the variation of 
grid impedance has influenced the harmonic performance of grid current and PCC 
voltage leading to higher levels of THD. It has also shown that the effect of grid 
impedance variation can be significantly reduced by retuning the controller’s gains. 
By applying the proposed APR controller experimentally, it has been clearly 
demonstrated that the levels of THD in grid current and PCC voltage is reduced. 
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7.2 Recommendation for future work 
Based on the research presented in this thesis, the performance of the current controller 
can be improved by taking into account the variation in grid operating conditions. As 
only grid inductance was considered in the proposed current controller, the 
performance of the current controller can be further improved by including other 
conditions such as frequency variation. There a considerable amount of researches in 
the literature on frequency adaptive PR controller, a step further would be to combine 
this with the proposed APR controller which definitely will improve the robustness of 
the grid-connected inverter PV systems.  So far, the proposed APR controller has been 
applied only to single-phase H-bridge inverter which only applied for low voltage 
applications. For the future work, this can be investigated for medium and high voltage 
application where multi-levels converter are employed.  
The particle swarm optimisation algorithm used during the simulation work to 
optimise the controller gains can be further investigated to be practically implemented 
online within the microcontroller especially with more powerful DSP unit. Moreover, 
the data obtained from the digital band-pass filter might be processed in a better way 
to provide the controller with grid impedance information especially in the case of 
weak grid where the grid impedance is more volatile and expected to change over time. 
Another suggestion for future work is to operate the proposed APR controller in the 
rated power level although the concept has been proven with lower power level. 
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Appendix  
 
Appendix 1 Parameter design of digital Bandpass filter 
 
This Matlab file has been developed in order to determine the parameters of the digital 
bandpass filter that implemented in the practical experiment and the simulation. The 
different in the design between the practical and simulation relies on the different 
between the rated power of the single-phase grid-connected inverter system. The 
power level determines the parameters of the LCL filter and thus changes the range of 
the resonance frequency.    
 
% after alpha has been determined, all quantities of the practical filters can be 
calculated using the following equations: 
  
  
  
% 0 = alpha^2+ (alpha*d_o*a_1/ (b_1*(1+alpha^2))) ^2+ (1/alpha^2)-2-(d_o^2/b_1); 
  
  
% The mid frequency of filter 1 is: 
clc 
clear all 
Fs = 20000;                    % Hz 
Ts = 1/Fs; 
d_o = 0.6067;                  % Delta Omega =1/Q AND Q = fm/Bw; 
a_1 = 1.4142; 
b_1 = 1; 
  
%alpha = (gbest (1, end)) 
alpha=0.8044; 
f_min = 1550; 
f_max = 2900;  
fm = (f_max + f_min)/2 
  
% the mid ferquency of the filter 1 is: 
fm1=fm/alpha 
% the mid ferquency of the filter 2 is: 
fm2 = fm* alpha 
 
% with fm being the mid frequency of the overall fourth-order band-    pass filter. 
% the individual pole quality, Qi is the same for both filters: 
  
Bw = f_max - f_min  
Q = fm/Bw   
Qi = (Q * (1+alpha^2)*b_1)/ (alpha*a_1) 
Am =20; 
  
%the individual gain at the mid frequency is the same for both filters 
Ami = (Qi/Q)*(sqrt(Am/b_1)) 
  
c=100e-9;                % the capacitor value of both filters 
  
R11=1/(2*3.14*fm1*c)     % The input resistance of the first filter                      
 
R12=1/(2*3.14*fm2*c)     % The input resistance of the second filter 
  
Rb=1e3                   % the op-Amp upper resistance 
%G= 3-(1/Qi)             % the inner gain 
G=(3*Qi-1)/Qi 
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Ra=Rb/(G-1)              % the op-Amp lower resistance 
  
num1=[(1+(Rb/Ra))/(c*R11) 0]; 
den1= [1 (1/(R11*c))+(1/(2*R11*c))+(1/(2*R11*c))-(Rb/(Ra*R11*c)) 
((R11+R11)/(R11*2*R11*R11*c*c))]; 
G1= tf(num1,den1)                     % transfer function of the first filter 
%bode(G1) 
   
num2=[(1+(Rb/Ra))/(c*R12) 0]; 
den2= [1 (1/(R12*c))+(1/(2*R12*c))+(1/(2*R12*c))-(Rb/(Ra*R12*c)) 
((R12+R12)/(R12*2*R12*R12*c*c))]; 
G2= tf(num2,den2) 
%bode(G2)                      % transfer function of second filter 
   
GT=G1*G2 
bode(GT) 
hold on 
Gz = c2d (GT, Ts, 'zoh') 
bode(Gz) 
%bode(G1) 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
                % Filter C Code  22/08/2017 
  
% a1=2.031 
% a2=2.617 
% a3=1.635 
% a4=0.6529 
%  
% b1=2.657 
% b2=3.001 
% b3=1.972 
% b4=2.3164 
%   
% float A1,A2,A3,A4, Filter_output ;    // initialize in CLA task 8 
% float B1,B2,B3,B4, Filter_input  ;    // initialize in CLA task 8 
%  
% //Band pass filter for resonant detection 
%  
% Filter_input  = vg;   
%  
% Filter_output = b1*B1 -b2*B2 - b3*B3 + b4*B4 + a1*A1 - a2*A2 + a3*A3 - a4*A4; 
%   
% B4 = B3; 
% B3 = B2; 
% B2 = B1; 
% B1 = Filter_input;                       //   = U(n) 
%   
% A4 = A3; 
% A3 = A2; 
% A2 = A1; 
% A1 = Filter_output;                      // = Y(n) 
% 
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Appendix 2 
% this code is used for the practical system 
close all 
clear all 
clc 
  
%The given transfer function in case of grid side current is sensed 
%(sCfRd+1)/CL1L2/(s(s^2+sCRd(L1+L2)/L1L2C+(L1+L2)/L1L2C))in case of grid 
%side current 
  
L1 = 0.6e-3;                                % /0.0514; 
Lg=0.1; 
L2 = 0.25e-3;                               %+0.4e-3;              %/0.0514; 
Cf = 10e-6;                                 %/1.9730e-04; 
Rd = 0.1;                                     %/16.1333; 
Ts = 1/20000; 
Kp = 0.2;                                   % Determine the stability gain and phase 
margine 
Ki = 150;                                   % 600.0;    Eliminate the steady state 
error 
wc=10;                                      %cutoff frequency wc 
W0=314; 
W3=150;                                     % for HC3 
W5=250;                                     % for HC5 
W7=350;                                     % for HC7 
  
wres2=(L1+L2)/(L1*L2*Cf);                   %wres sequare  
ZL2Cf2=1/(Cf*L2)                            %Zlgcf sequare 
  
%with Lg 
  
  
%Passively damped filter.grid side current 
 num = [Cf*Rd/(Cf*L1*L2) 1/(Cf*L1*L2)]; 
 den = [1 Cf*Rd*(L1+L2)/(Cf*L1*L2) (L1+L2)/(L1*L2*Cf) 0]; 
  
Gs = tf (num, den) 
  
%Passively damped filter.inverter side current 
%The given transfer function in case of grid side current is sensed. 
  
%s^2+sRdCfZL2Cf2+ZL2Cf^2/sL1*(s^2+sRdCfwres2+wres2) 
  
% num=[1 Cf*Rd/(Cf*L2) 1/(Cf*L2)]; 
% den=[0.6e-3 0.6e-3*Rd*Cf*wres2 0.6e-3*wres2 0]; 
% Gs = tf (num, den); 
%bode (Gs) 
  
% PR controller 
  
num1 = [Kp 2*Kp*wc+2*Ki*wc Kp*W0*W0]; 
den1 = [1 2*wc W0^2]; 
  
GPR = tf (num1, den1) 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
num3 = [2*Ki*wc 0];                                   %HC(S) Tird harmonic 
den3 = [1 2*wc W3^2]; 
GHC3 = tf (num3, den3); 
  
  
num5 = [2*Ki*wc 0];                                   %HC(S) Fifth harmonic 
den5 = [1 2*wc W5^2]; 
GHC5 = tf (num5, den5); 
  
  
num7 = [2*Ki*wc 0];                                 %HC(S) Seventh harmonic 
den7 = [1 2*wc W7^2]; 
GHC7 = tf (num7, den7); 
  
GPRT= GPR+GHC3+GHC5+GHC7; 
  
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Trabnsfer function of PWM 
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 num2 = [1]; 
 den2 = [1.5*Ts 1]; 
  
Gpwm = tf (num2, den2) 
%Gpwm=1 %%%%%%%%% for simple analysis 
  
%cascaded system 
Gsys1 = series (GPRT, Gs)                 %%%% lcl filter and PR controller 
  
% Open-loop trasfer function %%%%% loop gain 
Gsys2 = series (Gsys1, Gpwm) 
%bode(Gsys2) 
hold on 
%Feedback loop 
% num3 = [1 ]; 
% den3 = [0 1]; 
% Gf = tf(num3, den3) 
  
Gf=1   %  unity feed back 
  
% Continuous time closed-loop transfer function 
Gsys = feedback (Gsys2, Gf) 
bode(Gsys) 
  
% Discrete time closed-loop transfer function 
Gz = c2d (Gsys, Ts, 'tustin') 
Gz = c2d (Gsys, Ts, 'zoh') 
  
  
% figure 
pzmap(Gz) %position of zeros and poles 
 pzz1=zpk(Gz) 
 hold on 
 grid on 
  
%bode(Gs)     %%%%Filter tf Bode Plot 
%hold on 
  
% figure 
 %bode (Gsys2, 'b')    %open loop tf 
%  hold on  
  
%margin(Gsys)      %%closed-loop transfer function 
%rlocus (Gsys)     %%closed-loop transfer function 
% 
%bode (Gz, 'r') 
% hold off 
% grid 
%  
% figure 
%step (Gsys, 'b') 
% hold on 
%step (Gz, 'r') 
% hold off 
% grid 
%bode(GPR) 
  
% figure 
 %rlocus (Gz) 
% grid 
%nyquist(Gsys2) 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%This is to compare Rd=0 and Rd=3.4 
Rd = 0;  
num=[1 Cf*Rd/(Cf*L2) 1/(Cf*L2)]; 
den=[0.6e-3 0.6e-3*Rd*Cf*wres2 0.6e-3*wres2 0]; 
  
Gs1 = tf (num, den) 
  
Gsyss = series (GPRT, Gs1)                %%%% lcl filter and PR controller 
  
% Open-loop trasfer function %%%%% loop gain 
Gsyss = series (Gsyss, Gpwm) 
%bode(Gsyss) 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%This is to see the effect of Kp 
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% Kp1=1;Kp2=10; Kp3=50;  Kp4=200; 
%  
% num11 = [Kp1 2*Kp1*wc+2*Ki*wc Kp1*W0*W0]; 
% den11 = [1 2*wc W0^2]; 
%  
% GPR11 = tf (num11, den11); 
% Gsys11 = series (GPR11, Gs); 
% Gsys12 = series (Gsys11, Gpwm); 
% Gsys122 = feedback (Gsys12, Gf); 
% Gz1 = c2d (Gsys122, Ts, 'tustin') 
% pzmap(Gz1) %position of zeros and poles 
% %pzz1=zpk(Gz1) 
% grid on 
% hold on 
% %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%  
% num22 = [Kp2 2*Kp2*wc+2*Ki*wc Kp2*W0*W0]; 
% den22 = [1 2*wc W0^2]; 
%  
% GPR22 = tf (num22, den22); 
% Gsys22 = series (GPR22, Gs); 
% Gsys122 = series (Gsys22, Gpwm); 
% Gsys222 = feedback (Gsys122, Gf); 
% Gz2 = c2d (Gsys222, Ts, 'tustin'); 
% pzmap(Gz2) %position of zeros and poles 
% %pzz1=zpk(Gz2) 
% grid on 
% hold on 
% %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% num33 = [Kp3 2*Kp3*wc+2*Ki*wc Kp3*W0*W0]; 
% den33 = [1 2*wc W0^2]; 
%  
% GPR33 = tf (num33, den33); 
% Gsys33 = series (GPR33, Gs) 
% Gsys13 = series (Gsys33, Gpwm); 
% Gsys123 = feedback (Gsys13, Gf); 
% Gz3 = c2d (Gsys123, Ts, 'tustin') 
% pzmap(Gz3) %position of zeros and poles 
% %pzz1=zpk(Gz3) 
% %grid on 
% hold on 
% %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% num44 = [Kp4 2*Kp4*wc+2*Ki*wc Kp4*W0*W0]; 
% den44 = [1 2*wc W0^2]; 
%  
% GPR44 = tf (num44, den44); 
% Gsys444 = series (GPR44, Gs); 
% Gsys124 = series (Gsys444, Gpwm); 
% Gsys144 = feedback (Gsys124, Gf); 
% Gz4 = c2d (Gsys144, Ts, 'tustin') 
% pzmap(Gz4) %position of zeros and poles 
% %pzz1=zpk(Gz4) 
% %grid on 
  
 
 
 
 
